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ABSTRACT

Glycosphingolipids (GSLs) occur in all mammalian plasma
membranes. They are most abundant in neuronal cells and
have essential roles in brain development. Glucosylceramide
(GleCer) synthase, which is encoded by the Ugcg gene, is the
key enzyme driving the synthesis of most neuronal GSLs.
Experiments using conditional Nestin-Cre Ugcg knockout mice
have shown that GSL synthesis in vivo is essential, especially
for brain maturation. However, the roles of GSL synthesis in
mature neurons remain elusive, since Nestin-Cre is expressed
in neural precursors as well as in postmitotic neurons. To
address this problem, we generated Purkinje cell-specific Ugcg
knockout mice using mice that express Cre under the control of
the L7 promoter. In these mice, Purkinje cells survived for at
least 10-18 weeks after Ugcg deletion. We observed apparent
axonal degeneration characterized by the accumulation of axo-
nal transport cargos and aberrant membrane structures.
Dendrites, however, were not affected. In addition, loss of GSLs
disrupted myelin sheaths, which were characterized by
detached paranodal loops. Notably, we observed doubly myelin-
ated axons enveloped by an additional concentric myelin
sheath around the original sheath. Our data show that axonal
GlcCer-based GSLs are essential for axonal homeostasis and
correct myelin sheath formation. ©2010 Wiley-Liss, Inc.

INTRODUCTION

Glycosphingolipids (GSLs) form lipid microdomains
(rafts) that serve as key assembly and sorting platforms
for cell-cell interactions and signal transduction com-
plexes. They are also involved in the regulation of multi-
ple cellular processes. Glucosylceramide (GleCer) is the
core precursor molecule of most GSLs, which have many
different carbohydrate chains. Some GSLs (e.g., ganglio-
sides) even contain sialic acids. GlcCer synthesis is cata-
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lyzed by glucosyltransferase, which is encoded by the
Ugcg gene (Ichikawa and Hirabayashi, 1998). In addi-
tion, a few GSLs that are characteristic components in
myelin are derived from galactosylceramide.

Previous studies have suggested that GSLs play an im-
portant role in neural cells for processes such as axonal
elongation (Boldin and Futerman, 1997; Mutoh et al.,
1998; Schwarz and Futerman 1997); synaptic transmission
(Fuyjii et al., 2002); and neuron-glia interactions (Vyas et
al., 2002). To elucidate their physiological functions in vivo,
researchers have generated ganglioside synthase gene
knockout (KO) mice. Disruption of the mouse Ugcg gene
results in embryonic lethality during gastrulation, demon-
strating an essential role of the Ugcg gene in embryo sur-
vival (Yamashita et al., 1999). Mice lacking complex gan-
gliosides reach adulthood with nervous system deficits
(Inoue et al., 2002; Sheikh et al., 1999; Sugiura et al., 2005;
Yamashita et al., 2005b). Jennmann et al. (2005) also gen-
erated neural cell-specific disruption of the Ugcg gene
using a Nestin-Cre transgenic deleter strain. These mice
displayed neuronal defects and died between postnatal
Days 11 and 24, suggesting that GSLs are required for
brain maturation after birth. Compared with mice lacking
complex gangliosides, Jennmann et al’s Ugcg knockout
mice have a severe phenotype, emphasizing the impor-
tance of GlcCer-based GSLs in the nervous system. How-
ever, because GSL synthesis was suppressed in both neuro-
nal and non-neuronal cells, such as radial glia, it is unclear
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whether the observed axonal dystrophy and neurodegener-
ation represented neuron-autonomous defects. Since
neighboring non-neuronal cells such as astrocytes and oli-
godendrocytes support neuronal cell survival and function,
glial-expressed GSLs might influence neurons indirectly,
via neuronal-glial interactions; for example, GSLs on
astrocytes can affect axonal elongation (Freire et al., 2004).
In addition, the short survival time of Nestin-Cre-driven
conditional Ugecg KO mice precludes the examination of
GleCer-based GSL function at adult stages.

In this study, we generated Purkinje cell-specific Ugcg
KO mice by crossing L7 gene promoter-driven Cre trans-
genic mice and Ugcg-flanked mice. In the cerebellum of
L7-Cre : Ugeg™™® Tioxp mice, Cre expression was specific
to Purkinje cells three weeks after birth, when most
Purkinje cells have already matured. We observed dys-
trophic morphology of Purkinje cell axons and subse-
quent degeneration. Furthermore, our histological analy-
ses demonstrated that axonal transport cargos abnor-
mally accumulated in swollen axons, suggesting that
axonal transport was impaired in Ugcg (-/- ) neurons.
These mice displayed an unusual myelin morphology in
which some axons were “doubly myelinated,” having
what appeared to be an additional compact myelin
sheath completely enveloping the original myelin
sheath. Our results suggested that de novo synthesis of
GSLs in neurons is essential for the maintenance of axo-
nal homeostasis and normal myelin formation.

MATERIALS AND METHODS
Transgenic Animals

Mice with loxP-flanked exons 7-9 of the Ugcg gene
locus were generated as described (Yamashita et al.,
2005a). For the generation of mice with a Purkinje cell-
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Fig. 1. Generation and characterization of floxed allele. A: Sche-

matic representation of Cre-mediated recombination of Ugeg™? The
predicted outcome of Cre recombination is shown at the bottom. B:
Identification of Cre-mediated recombination of the Ugeg™” allele in
brain (left panel). Genomic DNA from cerebellum and cerebrum of
8-week-old L7UgcgKO mice were subjected to PCR analysis using pri-
mers 1 and 3. Identification of the Ugcg'™® allele (right panel). Tail
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specific deletion of Ugcg, homozygous floxed mice were
crossed with homozygous L7-Cre mice to generate dou-
ble-heterozygous offspring. These were intercrossed to
vield Ugcg™™ . L7-Cre®’*® mice, which were finally
crossed with Ugcg mice to yield Ugeg®™/to .
L7-Cre'®’? mice for analysis (Fig. 1A). These mice
appeared in the expected Mendelian ratio of around 50%
of the litters. Their Ugcg™ ™" . L7-Cre®®’? littermates
were used as controls in each experiment.

loxP /loxP

Genotyping of Mutant Mice

PCR analysis of tail biopsies was performed for confir-
mation of the wild-type, floxed, and null alleles (Fig. 1A).
For PCR, the following primers were used: Ugeg/wild type
forward (primer 1; Fig. 1A), 5-ATGTGCTAGATCAGGCA
GGAGGGCTCATAG-3"; wild type/Ugcg-flox reversed
(primer 2), 5-CCAACAGATATTGAATGCGAATGCTCTG
CC-3; Ugcg null reversed (primer 3), 5-GAGCCAGTCC
ATTACTCTCGTTGATTGCAT-3'. PCR products of about
230 bp, 280 bp, and 300 bp were indicative of the wild-
type, floxed, and null alleles, respectively (Yamashita
et al.. 2005a). The constitutive L7Cre transgene was
detected using the following primers: L7Cre forward,
5-AGGTTCGTTCACTCATGGA-3’; and L7Cre reverse,
5-TCGACCAGTTTAGTTACCC-3". A 200 bp PCR product
was indicative of the L7Cre transgene.

Immunohistochemistry and Fluorescent
Light Microscopy

Adult mice were anesthetized with 0.1 mL of 50 mg/mL
Nembutal. They were perfusion-fixed with 4% (w/v) para-
formaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4,

3 weeks

2 weeks

DNA from Ugceg’™®*: L7-Cre'’® and Ugcg =P . L7-Cres’® mice
were subjected to PCR analysis using primers 1 and 2. C: An L7-Cre
mouse was bred with a Rosa26-lacZ reporter mouse, and Cre expression
in the cerebellum of the resulting progeny was assessed for B-galactosi-
dase activity. In the sagittal sections from mice 1-3 postnatal weeks
old, blue-colored staining indicates Purkinje cell-specific Cre expression.
Scale bars: 2 mm (lower panels); 1 mm (upper panels).
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using a peristaltic pump. The perfused brain tissues were
post-fixed in 4% PFA in 0.1 M phosphate buffer overnight
at 4°C and embedded in 5% low-melting agarose gel. Sag-
ittal sections of the cerebellum were cut at 50 um using a
LEICA microtome and stored in phosphate-buffered sa-
line (PBS) at 4°C. In a few cases cerebellar coronal sec-
tions were cut. Free-floating sections of cerebellum were
blocked for non-specific binding with PBS containing
0.1% (v/v) Triton X-100 and 10% (v/v) goat serum and
incubated with primary antibody at 4°C overnight. The
sections were washed and incubated with a species-appro-
priate secondary antibody (AlexaFluor-conjugated anti-
rabbit, antirat, or anti-mouse IgG) at room temperature
for 120 min, washed extensively, mounted onto glass
slides with Immu-mount (Shandon, Inc., Pittsburgh, PA),
and examined with fluoreseent light microscopes. For
some sections, cell nuclei were counterstained with 4',6'-
diamidino-2-phenylindole (DAPI; Nacalai Tesque Inc.,
Kyoto, Japan). For sodium channel and Caspr staining,
PFA-perfused brains were cryoprotected with 30% sucrose
in PBS (pH 7.4) for 24 h at 4°C, as described previously
{Hoshi et al., 2007). After embedding in optimal cutting
temperature (OCT)-mounting medium, the blocks were
cut in 8-pm-thick sections.

For hematoxylin and eosin (HE) staining, PFA-perfused
brains were kept in the same PFA fixative solution for one
week, and then embedded in paraffin. Paraffin-embedded
brains were sectioned at a thickness of 5 um and proc-
essed for H&E staining. For X-gal staining, the brains
were perfused with ice-cold PBS and 30% sucrose, dis-
sected, and rapidly frozen in mounting medium. Cryostat
sections (15-20 pm) were prepared and postfixed for 5
min in 4% PFA in PBS. The fixed sections were washed
and subjected to X-Gal staining overnight at room tem-
perature. The X-Gal staining solution comprised 1 mg/mL
X-Gal (4-chloro-5-bromo-3-indolyl-b-galactosidase), 4 mM
K, Fe(CN)-3H0, 4 mM KyFe(CN)g, and 2 mM MgCls in
PBS. The slides were washed with PBS twice and once in
distilled water, and then counterstained with eosin.

Electron Microscopy

Animals were perfused intracardially through the left
ventricle with a fixative containing 2.5% (v/v) glutaral-
dehyde and 2.0% (w/v) PFA in 0.1 M phosphate buffer
(pH 7.4). Cerebellums were dissected and postfixed by
immersion in the same fixative overnight at 4°C then
sagittal 50-um sections of the cerebellar vermis were
prepared. After osmification in a 1% (w/v) osmium te-
troxide solution, the specimens were dehydrated
through a graded alcohol series and embedded in Epon
812 (TAAB Laboratories, Aldermaston, Berks, UK).
Semithin sections were collected and stained with 0.5%
{w/v) toluidine blue in 0.1 M phosphate buffer (pH 7.4).
Ultrathin sections were cut using an Ultracut microtome
{Leica EM-UC6} and stained with uranyl acetate and
lead citrate for contrast. The sections were examined
with a transmission electron microscope (Hitachi H-7100
and H-7650).

1199
Western Blot

Cerebellar extracts were prepared in 50 mM Tris-HCl
{pH 7.4), 5 mM EDTA, and one tablet of Complete mini/
25 mL (protease inhibitors; Roche Diagnostics). Samples
were mixed with Laemmli buffer with or without (for
anti-myelin-associated glycoprotein [MAG]) 2-mercapto-
ethanol. SDS-PAGE was performed, and separated pro-
teins were transferred onto polyvinylidene difluoride
membranes and subjected to immunoblotting with indi-
vidual primary antibodies, including anti-MAG, anti-
myelin basic protein (MBP), and antialpha tubulin (in-
ternal control). Immunoreactivity was visualized with
HRP-conjugated secondary antibodies and a chemilumi-
nescence detection system, according to the manufac-
turer’s instructions (Millipore).

Antibodies

The following primary antibodies were used: mouse
monoclonal anti-cytochrome ¢ (clone 6H2.B4); mouse
anti-GM130 (BD Transduction Laboratories, San Diego,
CA); mouse anti-a-tubulin; mouse antipan sodium chan-
nel; mouse antisynaptophysin (Sigma, St. Louis, MO);
mouse anticalbindin D28k (Swant, Bellinzona, Switzer-
land); mouse anti-Tud1 (Covance, Princeton, NJ); mouse
antikinesine heavy chain; mouse anti-MAG; rabbit poly-
clonal anti-calbindin D28k; rabbit anti-glutamate recep-
tor delta 1/2 (GluR31/2); rat anti-MBP (Chemicon Inter-
national, Temecula, CA); rabbit anti-Caspr (Abcam,
Cambridge, MA);, and rabbit anti-GFAP (Dako). Rat
anti-inositol 1, 4, 5-triphosphate receptor 1 (IP3R1, clone
18A10) antibody was kindly provided by Dr. K. Mikosh-
iba. Rabbit polyclonal antibody to the C terminus (amino
acids 372-394) of human GlcCer synthase (GlcT-1) was
generated according to Marks et al. (1999).

Statistics

Data were expressed as means * S.E M. Significant
differences between mean values were evaluated using
two-tailed, unpaired Student’s # tests.

RESULTS
Purkinje Cell-Specific Glycosphingolipid Deletion
in L7UgcgKO Mice

To ensure that Cre was exclusively expressed in
Purkinje neurons, we crossed L7-Cre mice with Rosa26-
lacZ reporter mice and monitored Cre expression in
their double-transgenic progeny (Fig. 1C). X-Gal stain-
ing for B-galactosidase activity indicated that Cre was
exclusively expressed in Purkinje neurons of adult mice.
Cre expression began two weeks after birth (postmitotic
stage), becoming stronger and reaching a plateau four
weeks after birth. The expression was highly specific for
Purkinje neurons, all of which were positive for X-gal
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staining in the brains of four-week-old double transgenic
mice. A similar pattern of X-gal staining was observed
in cerebellar coronal sections. We detected no X-gal
staining in any other neurons in the brain. However,
weak signals were detectable in retina, as reported by
Oberdick et al. (1990).

Ugcgh PP . [7-Cre'®’? mice (L7UgegKO) comprised
about 50% of the litter. indicating no prenatal death (see
Methods). PCR analysis detected Cre recombination in
cerebellum, but not cerebrum, in 8-week-old KO mice
(Fig. 1B). Immunostaining against GlcT-1 (a Golgi-local-
ized protein) verified that the Golgi apparatus of the
Purkinje cells of L7UgcgKO mice lacked GleT-1 immuno-
reactivity (Fig. 2D-F, P-R). Other cells in the molecular
and granule layers, however, were Gl¢T-1 immunoreac-
tive (arrowheads, Fig. 2D-F, J-L). Furthermore, in con-
trast to control mice (Ugeg®™™ : L7-Cre®'%), in
L7UgcgKO mice Purkinje cells lacked P-path antibody
immunostaining (Fig. 2V-X). P-path antibody is an anti-
body that recognizes O-acetyl-GD3, an anabolite of glu-
cosylceramide that is enriched in Purkinje cells (Leclerc
et al., 1992). Thus, the immunohistochemical analysis
confirmed the Purkinje cell-specific deletion of GlcCer
synthase and absence of corresponding lipids.

Purkinje Cells With an L7-Promoted Ugcg
Deletion Showed Numerous Axonal Swellings

Although the cerebellum of 22-week-old L7UgegKO
mice remained morphologically intact (Fig. 3C), Purkinje
cell loss was evident (Fig. 3D,H,I), with increased GFAP
expression (Supp. Info. Fig. 2). However, significant
Purkinje cell loss was not observed in 14-week-old mu-
tant mice (Fig. 3F]I), indicating that the loss of Purkinje
cells occurred sometime between 14 and 22 weeks after
birth. Despite Purkinje cell degeneration, 23- to 39-
week-old mutant mice showed no motor deficits in an
open-field test and rotor-rod test (Supp. Info. Fig. S1).

In comparison with the Purkinje cell axons of normal,
age-matched mice, those of 14-week-old L7UgcgKO mice
possessed numerous swellings (Fig. 4; mean * SD swel-
lings/section in lobule V: 14-week-old control mice, 1.0 +
1.0; 14-week-old KO mice, 16.6 = 5.9; 22-week-old con-
trol mice, 2.9 = 2.3; and 22-week-old L7UgcgKO mice,
31.2 = 10.6 swellings/section. Nine sections from three
mice in each group). These swollen axons were located
proximal to somata in the granular layer and were
located distally in the deep cerebellar nuclei. These find-
ings indicated that the deletion of GSLs led to axonal
defects prior to Purkinje cell loss.

In contrast to the significant axonal degeneration, we
did not observe dendritic degeneration in our light mi-
croscopy analysis of anticalbindin D28k immunofluores-
cent-stained sections (see Fig. 5). To further evaluate
changes in dendrites, we examined the expression pat-
terns of the glutamate receptor GluR81/2 and synapto-
physin. There were no differences in localization or im-
munostaining intensity of either GluR31/2 or synapto-
physin between 14-week-old control and L7UgcgKO
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mice (Fig. 5B,C,E,F). Thus, the Ugcg deletion had little
effect on Purkinje cell dendrites. Apparently the Ugcg
deletion elicits differential effects on dendritic and axo-
nal compartments, with axons being particularly vulner-
able to GSL deficiency.

Mitochondria, Synaptophysin, and Kinesin Heavy
Chain Accumulate in Swollen Axons

Disruption of axonal transport causes axonal enlarge-
ment and aberrant accumulation of cargo proteins, mito-
chondria, and synaptic vesicles that travel to or from
the axon terminal (Yagashita, 1979). To determine
whether mitochondria accumulate in the swollen axons
of L7UgcgKO mice, we immunostained cerebellar sec-
tions with an antibody against cytochrome ¢, a marker
for mitochondria. The axonal swellings in L7UgegKO
mice showed enhanced cytochrome immunoreactivity
compared with those in control mice (Fig. 6F), indicating
that mitochondria did indeed accumulate within the
axonal swellings. Furthermore, immunostaining of the
synaptic vesicle protein synaptophysin and the microtu-
bule-associated motor protein kinesin heavy chain
revealed that both of these proteins also accumulated
within axon swellings (Fig. 6D,E). The accumulation of
these cargo molecules and organelles indicated that the
mutant mice had axonal transport defects,

To further assess the effect of the Glc¢T-1 deletion, we
examined the ultrastructure of the axonal swellings of
L7UgcgKO mice. Electron microscopy revealed that the
axonal swellings contained accumulated aberrant mem-
brane structures and abnormal organelles (Fig. 6G,H).
Taken together, the immunofluorescence and electron
microscopy analyses show that disruption of GSLs syn-
thesis led to axonal transport defects.

Some Axons in the Mutant Mice Were Surrounded
by Two Concentric Myelin Sheaths

In L7UgegKO mice, severe demyelination was not
observed, even of swollen axons. Immunoblot analysis of
cerebellar extracts revealed that myelin proteins (MBP
and MAG) were present in similar amounts in control
and KO mice (data not shown). In L7UgcgKO mice,
however, paranodal junctions were disrupted and para-
nodal loops were detached from the axonal plasma mem-
brane (Fig. 7B-D), indicating reduced adhesion between
glial loops and axons.

Next, we examined Caspr localization specifically on
Purkinje cell axons by co-immunostaining with IP3R1, a
Purkinje cell marker (Maeda et al., 1988). Caspr was a
useful marker for assessing the integrity of paranodal
junctions on myelinated axons. Lengths of Caspr clus-
ters in 17- to 22-week-old L7Ugcg KO mice were signifi-
cantly shorter than those of control mice (Fig. 7E).
These results are consistent with the loss of transverse
bands in the paranodal loops (see Fig. 7). Furthermore,
sodium channel clusters were elongated in the 17- to
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control

control

control

KO

Fig. 2. Deletion of glucosylceramide synthase (GleT-1) and an ana-
bolite of glucosylceramide, o-acetyl GD3 (P-path antigen), were con-
firmed in eight-week-old Purkinje cell-specific Ugcg KO mice. A-F:
Anti-GleT-1 (A, D); anti-GM130 (Golgi apparatus marker, B,Ej); and
merged (C,Fi. G-L: Anti-GleT-1 (G, J); anti-Tud-1 (neuronal marker, H,
KJ; and merged (I, L). M-R: Anti-GlcT-1 (M, P); anti-calbindin D28k
(N. Q); and merged (O, R). 8-X: P-path (S, V); anti-calbindin D28k

22-week-old KO mice, also suggesting disorganization of
paranodal structures. These findings indicated that axo-
nal GSLs contributed to Caspr localization and mainte-
nance of nodal structures.

1201

Merge

(T, W); and merged (U, X). Insets show high-magnification images of
the white rectangular area in the granular layer. In the merged micro-
graphs, cell nuclei were visualized with DAPI staining (bluej. M, molec-
ular layer; P, Purkinje cell layer; G, granule cell layer. Arrowheads
point to GlcT-1-immunopostive cells. These results were observed in
all mice of each genotype (n = 3). Scale bars: 50 um (A-L, S-X); 20 ym
(M-R); 10 um (insets).

Notably, as shown in Fig. 8, excessive paranodal loops
were formed on otherwise normal myelin sheaths. In
longitudinally sectioned Purkinje cell axons, some mye-
lin sheaths overlapped with neighboring sheaths and
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Fig. 3. Purkinje cell loss in L7UgcgKO mice. A-D: Hematoxylin and
eosin (H&E)-stained cerebellar sections from 22-week-old control mice
(A, B) and KO mice (C, D). Mid-sagittal sections through the entire
extent of the cerebellum (A, C) show intact morphology in KO mice.
Arrowheads point to Purkinje cell somata (B, D). Cerebellar sections
from 14-week-old (E, F) and 22-week-old (G, H) control and KO mice
were immunostained with anti-calbindin D28k, a Purkinje cell marker.

Cerebellar cortex

Cerebellar nuclei

(8)
>
| 4
(D)
4
7
B
v
KO

control

22 weeks 14 weeks 22 weeks
L7UgegKO mice showed Purkinje cell loss at 22 weeks (H), but no sig-
nificant Purkinje cell loss at 14 weeks (F). Quantitation of Purkinje
cells in lobule V of midsagittal sections of control and L7UgcgKO mice
at 14 and 22 weeks; anticalbindin D28k stained Purkinje cells. The
data are expressed as number of Purkinje cells per millimeter of Pur-
kinje cell layer; n — 3, *P < 0.05 (I). Scale bars: 1 mm (A, C); 50 um (B,
D); 100 pm (E-T).

(E)

control

14 weeks

Fig. 4. Axonal swellings of Purkinje cells in L7UgcgKO mice. Cere-
bellar sections from 14-week-old and 22-week-old control and KO mice
were immunostained with anti-calbindin D28k antibody. After postnatal
week 14, axonal swellings were observed in both cerebellar deep nuclei
(D, 14 weeks; H, 22 weeks) and cerebellar cortex (B, 14 weeks; F. 22

with paranodal loop-like structures that were filled with
cytoplasm (see Fig. 8). Transverse bands, which link
paranodal myelin loops with axolemma, were absent in
these paranodal loop-like structures (Fig. 8E). These

GLIA

22 weeks

weeks). Control mice showed no axonal dystrophy in cerebellar cortex
(A, 14 weeks; E, 22 weeks) or deep cerebellar nuclei (C, 14 weeks; G.
22 weeks). Arrowheads indicate axonal swellings. Scale bars: 25 um for
cerebellar cortex; 10 um for cerebellar nuclei.

structures were observed at both postnatal 14 and 22
weeks, suggesting that the excessive paranodal loops
and doubly-myelinated regions were formed prior to
Purkinje cell loss.
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Control KO
.
(C) : (3]

Fig. 5. Ugcg deletion had little effect on dendritic tree morphology.
Immunofiuorescent staining of cerebellar sagittal sections from 14-
week-old L7UgegKO mice showed normal localization and appearance
of GluR$& and synaptophysin. The dendrites (red, ant-icalbindin D 28k
immunostaining) of both wild-type and L7UgcgKO mice displayed com-
parable anti-synaptophysin (B, E; green) and anti-GluR§1/2 (C, F;:
green) immunostaining. Nuclei were labeled with DAPI (A, D; blue).
These results were observed in all mice of each genotype (n = 3). Scale
bars: 50 um for low magnification panels (A, D); 10 pm for high magni-
fication panels (B, C, E, ).
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DISCUSSION

GSLs, in particular the GleCer-based GSLs, occur as
sialic acid-containing gangliosides in the brain at a
much higher concentration than in other organs. They
might, therefore, play an important role in the nervous
system. The majority of membrane GSLs is derived from
the precursor, GlcCer. Therefore Ugcg, the gene encod-
ing the glucosylceramide synthase (Glc¢T-1) that cata-
lyzes the initial step of GSL biosynthesis, is a key regu-
lator of total GSL synthesis. To elucidate the physiologi-
cal roles of GSLs in neurons, we generated GlcT-1
conditional knockout mice using the Cre-loxP system.
Given that GlcT-1 is essential for embryo survival, we
decided to generate a Purkinje neuron-specific mutation
of the Ugcg gene using L7-Cre transgenic mice.

In Purkinje cell-specific Ugcg KO mice, Purkinje cells
started to degenerate 14-22 weeks after birth. This
observation suggested that Ugcg is required for the
maintenance of Purkinje cells. However, Purkinje cells

1203

survived for up to several weeks after Ugcg gene dele-
tion, raising the possibility that GlcT-1 loss is not the
immediate cause of the neuronal degeneration.

Before the Purkinje cell loss, we observed axonal swel-
lings in Purkinje cells. Although axonal degeneration is
considered to be diagnostic of neuronal cell death, recent
studies have suggested that axonal defects are primary
events that occur prior to overt neuronal degeneration
following CNS injury, toxicity, genetic defects, and neu-
rodegenerative disorders, including Alzheimer’s disease
(Coleman. 2005; Stokin et al., 2005). However, GlcT-1 is
decreased in the brains of Alzheimer’s disease patients
(Marks et al., 2007), and mutant presenilin 1, which is
associated with familial Alzheimer’s disease, can cause
the degradation of GleT-1 protein (Mutoh et al., 2006).
It is, therefore, likely that mutant presenilin 1 causes
axonal defects by degrading GleT-1 protein. Consistent
with this premise is the finding that Alzheimer preseni-
lin 1 mutations impair kinesin-based axonal transport
(Lazarov et al., 2007; Pigino et al., 2003), which in turn
leads to axonal swellings.

At 2.5 months of age, St3gal5/B4galntl double KO
mice display axonal spheroids in Purkinje cells and
vacuoles in white matter (Yamashita et al., 2005b). The
brains of these mice also accumulate lactosylceramide
and sulfated lactosylceramide, SM3 (Yamashita et al.,
2005b). Although our L7UgcgKO mice lacked all GlcCer-
based GSLs, axonal swellings were not detected in
8-week-old mice (data not shown). Moreover, no vacuoles
were observed in the mutant mice, even 22 weeks after
birth. The relatively mild phenotype of L7UgcgKO mice
compared with germline St3gal5/B4galntl double-KO
mice suggests that the GlcCer-based GSLs of non-neuro-
nal cells may be essential for the maintenance of neuro-
nal cells. Alternatively, deletion of GSLs during develop-
ment may affect mature neurons at later stages. Con-
sistent with this idea is the observation that mice in
which Ugcg was conditionally deleted using Nestin-Cre
(which is expressed during embryogenesis in the neural
precursors of both neurons and glia) display more severe
phenotypes (Jennemann et al., 2005), leading to neuro-
nal degeneration and death of the mice by postnatal
Day 21. These reports, together with our own findings,
support the view that GSL expression during embryonic
stages and/or in non-neuronal cells is required for the
proper development and function of mature neurons.

In our L7UgegKO mice, axonal swellings occurred
prior to Purkinje cell loss, indicating that the axonal
swellings were not secondary to neuronal degeneration.
It is important to note that axonal transport defects
contribute to axonal dystrophy (Coleman 2005; Stokin
et al., 2005). In L7UgcgKO mice, microtubule transport
cargo and machinery-such as cytochrome ¢, synaptophy-
sin, and kinesin heavy chain-accumulated at axonal swel-
lings, which is indicative of aberrant axonal transport.
These observations suggest that suppression of GleT-1
leads to axonal transport defects. Recent work indicates
that cholesterol-rich microdomains are essential for syn-
aptic vesicle sorting and that synaptic vesicle proteins
are localized to cholesterol-rich microdomains (Chamber-
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Cytochrome ¢

Control

Fig. 6. Intense staining for mitochondria, synaptic vesicles, and
kinesin heavy chain were observed in axonal swellings. suggesting that
axonal transport was severely defective in L7Ugc OKO mice. (exebelldl
sections were co-immunostained with anticalbindin D28k (red) and
antibodies against cargo markers (green). such as anti-kinesin heavy
chain (A, D); anus\ndpruphwtm 1]3 E) or anticytochrome ¢ (C, F)

lain et al., 2001). Cholesterol/sphingolipid or GM1/chol-
era toxin B subunit complexes enhance microtubule-asso-
ciated kinesin motor motility (Klopfenstein et al., 2002).
The axonal swellings observed in our KO mice may be
due to microdomain disruption, since GSLs and choles-
terol are major components of lipid microdomains.

On the other hand, axonal degeneration and myelin dis-
organization are closely related. Although we did not
detect severe demyelination in L7UgcgKO mice, their par-
anodal junctions were malformed, having shorter Caspr
clusters. Caspr mutant mice develop paranodal disrup-
tions and axonal swellings accompanied by mitochondria
accumulation and cytoskeletal disorganization (Garcia-
Fresco et al., 2006). Thus, abnormal localization of Caspr
in L7UgcgKO mice may result in axonal swellings.

Disruption of paranodal junctions was also observed
in germline B4galnt! KO mice and St3gal5/Bdgalntl
double-null mice (Susuki et al., 2007; Yamashita et al.,
2005b). Unlike these KO mice, which lack GSLs in both
axons and myelin, our L7UgcgKO mice only lack axonal
GSLs. Thus, axonal GSLs are definitely essential for
maintaining axo-glial interactions at paranodal junc-
tions and for proper attachment of paranodal loops on
the axolemma with transverse bands in conjunction
with other cell adhesion molecules. On the other hand,
because some membrane proteins are localized in lipid
rafts, deleting axonal GSLs might impair lipid raft-de-
pendent interactions between axonal membranes and
oligodendrocyte processes. Supporting this idea are the
findings that GlcCer-based GSLs in axons and/or oligo-
dendrocytes contribute to localization of Caspr, an axo-
nal adhesion molecule, in lipid microdomain/lipid rafts
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Nuclei were labeled with DAPI (bluel. Arrowheads indicate axonal
swellings. Scale bar: 10 um (A-F). Transmission electron micrograph
showing the ultrastructure of a swollen axon from a L7UgcgKO mouse
(G, Hj. Aberrant membrane structures and mitochondria accumulated
within axonal swellings. These results were observed in all mice of
each genotype (n ~ 38J. Scale bars: 1 um (GJ; 0.3 um (H).

at the paranodal junction (Susuki et al., 2007). Indeed,
the disrupted axo-glial interactions exhibited by Ugt8-
or Gal3stl-mutant mice further support the premise
that GalCer-based GSLs, which are enriched in myelin,
play important roles in the maintenance of paranodal
structures and Caspr localization (Dupree et al., 1999;
Hoshi et al., 2007). Additionally, Ugt8-KO mice also
show significant reduction of raft-associated Caspr
(Schafer et al., 2004). These findings, together with our
own findings, support the view that GSLs in both axons
and myelin may be required for proper localization of
Caspr in lipid rafts. However, it is difficult to perform
hiochemical analysis of axonal adhesion molecules in
lipid rafts, since Purkinje neurons are scarce in cerebel-
lar cortex. Furthermore, the excessive partial myelina-
tion (with cytoplasmic loop-like structure) in the KO
mice suggests that axonal GSLs may play an important
role in providing signals required for proper myelination
by oligodendrocytes.

Some axons in the mutant mice were surrounded by two
concentric myelin sheaths. How do these unusual struc-
tures form? In principle there are two possibilities: (1) The
additional myelin sheath might invade beneath a pre-
existing sheath, between the inner loop and the axon
surface at the node of Ranvier; or (2) the additional myelin
sheath might envelop an entire axon-myelin unit without
disrupting existing axon-oligodendrocyte interactions. We
cannot definitively distinguish these two possibilities by
examining static images. Ilowever, we strongly favor
the latter mechanism, because at the time of the Ugcg
gene deletion was induced (at three weeks of age), Purkinje
cell axons are already ensheathed by compact myelin
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Fig. 7. L7UgcgKO mice exhibit ultrastructural abnormalities at par-
anodes. Longitudinal section through the paranodal portion of an axon
from a control mouse (A) and KO mice (B-D). A: Normal ultrastructure
of node and paranode of a control mouse. The cytoplasmic loops at the
paranode are arranged orderly and are attached to the axolemma with a
transverse band (TB, red arrow), indicating that at the paranode, the
axon is enveloped by oligodendrocyte loops with a continuous TB
Abnormal paranode from a 22-week-old L7UgcgKO mouse. A compact
myelin sheath consisting of 18 lamellae enwraps this axon. Of the 18
lamellae, nine of the lower and five of the upper paranodal cytoplasmic
loops attach themselves onto the axolemma with TB (red arrows). The
remaining loops, however. show abnormal contact with the axolemma
(circles). The number of lower paranodal cytoplasmic loops contacting the
axolemma with a TB is greater than that of the upper loops: nine vs. five
normal loops, respectively. This indicates that TBs distribute discontinu-
ously. Some loops (yellow circles) face away from the axon, presumably
due to cytoplasmic loop abnormalities. A glial process (red triangle), pre-

(Bouslama-Oueghlani et al., 2003). In addition, it seems
inherently unlikely that the adhesion between an axon
and myelin membrane, as well as the adhesion between
adjacent myelin sheets, could easily be disrupted.
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sumably from an astrocyte, invades the space between the paranodal
loops of the oligodendrocyte and axolemma. C: Abnormal paranode from
a 14-week-old KO mouse. D: High-magnification image of the white rec-
tangular area in (C). Two paranodal loops (white arrows) directly contact
the axolemma. Other paranodal loops (blue circles), however, do not
directly contact the axolemma. Deformed loops (green diamonds) attach
to the axolemma without TBs. These structures indicate abnormal
arrangement of paranodal cytoplasmic loops. These results were
observed in all mice of each genotype (n ~ 3). Red triangles indicate proc-
esses that are presumably from an astrocyte. E: Cerebellar sections were
co-immunostained with anti-IP3R1 (blue), anti-Caspr (red), and anti-pan
sodium channel (green) antibodies. Elongated sodium channel clusters
and shorter Caspr clusters were observed in L7UgcgKO mice. F: Quanti-
tation of sodium channel cluster length, width, length-to-width ratio, and
Caspr cluster length in lobule V of mid-sagittal sections of 17- to 22-week-
old control and L7UgcgKO mice (n ~ 3. *P < 0.05; "*P < 0.01; ""*P «
0.001 compared with control mice. Scale bar: 1 um (A-E).

Our results strongly suggest that axonal GSLs are
required for axon-myelin interactions at various develop-
mental stages. The binding partner of axonal GSLs in
oligodendrocytes is MAG (Yang et al., 1996). MAG is a
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Fig. 8. Longitudinal section through axons from L7UgcgKO mice
showing concentric. excessive myelin sheath formation with paranode-
like structure. A: Doubly myelinated and hemiparanode-like structure
from a l4-week-old KO mouse. B: High-magnification electron micro-

graph of the white rectangular area in Panel A. Myelin lamellae of

outer myelin sheaths (dark blue, Panel C) terminate with cytoplasm
filled paranode-like loops (circles in this panel; light blue, Panel C) on
inner myelin sheaths (red, Panel C). D: Excessive paranode-like loops
from a 22-week-old KO mouse. E: High-magnification electron micro-

type 1 transmembrane glycoprotein localized in periaxo-
nal oligodendrocyte membranes in contact with axons.
MAG-null mice make multiple myelin sheaths (Bartsch
et al., 1995) similar to those observed in L7UgcgKO
mice, suggesting that GSL binding to MAG regulates
the myelin configuration and maintenance of axo-glial
interactions. Schnaar and his associates reported that,
among many ganglioside species tested, the «-series
gangliosides GQ1b alpha and GD1 alpha were much
more potent than GT1b or GDla in supporting MAG-
mediated cell adhesion (Ito et al., 2003). Since GD1
alpha is enriched in Purkinje cells (Furuya et al., 1994),
the loss of adhesion mediated by interactions between
MAG and GD1 alpha may underlie abnormal myelin
morphology. Furthermore, cross sections of Ugt8-KO
mice show that these mice have multiple myelinated
axons (Bosio et al., 1998). Examining the spiraling direc-
tion in cross sections is necessary in order to determine
whether multiple myelin sheaths originate from the
same sheath or from two different myelin sheaths. A
morphology characterized by spiraling in the same direc-
tion may result from the sheath carrying incisures par-
allel to the inner and outer loops of the sheaths (Hirano
and Dembitzer, 1967). By contrast, a morphology charac-
terized by spiraling in the opposite direction may repre-
sent two different concentric sheaths. Bosio et al. (1998)
proposed that in mice with the Ugt8 mutation multiple
myelination of axons may be due to multiple myelin
sheaths consisting of sheaths spiraling in both direc-
tions.

As described above, L7UgcgKO mice exhibited clear
morphological defects in Purkinje cell axons. Their Pur-
kinje cells, however, did not exhibit significant dendritic
abnormalities. The localization of GIluRd1 or 2, a
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graph of the white rectangular area in Panel D. On the left-hand side
bilateral paranodal loop-like structures filled with cytoplasm marked
with red circles are derived from nine-layered myelin lamellae (red
bar); those marked with green circles are from nine-layered myelin
lamellae coming from the right-hand side (green bari. These paranodal-
like loops attach onto the inner compact myelin sheaths, i.e.. the origi-
nal myelin sheath. This symmetrical arrangement of loops is similar to
that at the node of Ranvier. These results were observed in all mice of
each genotype (n — 3). Scale bars: 1 pm (A-C); 0.5 um (D,E)

Purkinje cell-specific receptor at the synaptic cleft, and
synaptophysin, a presynaptic marker, was indistinguish-
able in control and L7UgcgKO mice. These results sug-
gest that the Ugcg null mutation in Purkinje cells
results in axonal dystrophy at early stages of degenera-
tion. However, GSLs have been suggested to play roles
in dendritic functions such as improved learning, long-
term potentiation (LTP), and synaptic transmission
(Fujii et al., 2002). Internalization of AMPA receptors in
dendrites are regulated by lipid microdomains (Hering
et al., 2003). Interestingly, the cultured embryonic hip-
pocampal neurons of Nestin-Cre Ugcg conditional-null
mice have short dendrites (Jennemann et al., 2005).
Therefore, future studies of L7UgcgKO mice should
include an examination of synaptic transmission and
neuronal plasticity such as long-term depression.

In this study, deleting GSLs specifically in neurons
but not in oligodendrocytes caused axonal swellings,
paranodal disruption, and double myelination. Our find-
ings suggest that de novo synthesis of GSLs in neurons,
but not in non-neuronal cells, is essential for the main-
tenance of axonal homeostasis and normal myelin for-
mation, thereby providing fresh insight into the patho-
physiological basis of neural diseases that are character-
ized by axonal degeneration and impaired myelination.
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Abstract

A recent study revealed that Slitrk6, a transmembrane protein containing a leucine-rich repeat domain, has a critical role in
the development of the inner ear neural circuit. However, it is still unknown how the absence of Slitrké affects auditory and
vestibular functions. In addition, the role of Slitrk6 in regions of the central nervous system, including the dorsal thalamus,
has not been addressed. To understand the physiological role of Slitrk6, Slitrk6-knockout (KO) mice were subjected to
systematic behavioral analyses including auditory and vestibular function tests. Compared to wild-type mice, the auditory
brainstem response (ABR) of Slitrk6-KO mice indicated a mid-frequency range (8-16 kHz) hearing loss and reduction of the
first ABR wave. The auditory startle response was also reduced. A vestibulo-ocular reflex (VOR) test showed decreased
vertical (head movement-induced) VOR gains and normal horizontal VOR. In an open field test, locomotor activity was
reduced; the tendency to be in the center region was increased, but only in the first 5 min of the test, indicating altered
adaptive responses to a novel environment. Altered adaptive responses were also found in a hole-board test in which head-
dip behavior was increased and advanced. Aside from these abnormalities, no clear abnormalities were noted in the mood,
anxiety, learning, spatial memory, or fear memory-related behavioral tests. These results indicate that the S/itrk6-KO mouse
can serve as a model of hereditary sensorineural deafness. Furthermore, the altered responses of Slitrk6-KO mice to the
novel environment suggest a role of Slitrk6 in some cognitive functions.
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Introduction

Slitrk6 belongs to the Slitrk family of transmembrane proteins
with neurite outgrowth modulating activities [1,2]. Structurally,
Slitrk members share two leucine-rich repeat domains located
amino-terminal to the transmembrane domain. In the carboxy-
terminus, there are conserved tyrosine residues flanked by amino
acid sequences similar to those in the carboxy-terminal domain of
the Ntrk neurotrophin receptor [3]. Among the six Skrk family
genes (Slkitrkl—6) in mice, Sktrk6 shows a unique expression pattern,
with strong expression in the inner ear and modest expression
in the dorsal thalamus at both embryonic and postnatal stages
[1,4-6].

A recent study revealed that Slitrk6 promotes innervation and
survival of inner ear sensory neurons in part by modulating
neurotrophin-Ntrk signaling [5]. Sk#rk6-knockout (KO) mice
showed reduced cochlear innervation. In the vestibule, the
innervation to the posterior crista was often lost, reduced, or
sometimes misguided. These defects were accompanied by the loss
of neurons in the spiral and vestibular ganglia. This study
addressed only the embryonic to early postnatal morphological
phenotype of Sktrk6-KO mice, and analyses of any functional
deficits caused by the developmental defects of the inner ear
remain to be conducted.

@ PLoS ONE | www.plosone.org

Previous studies reported Slitrk family members as candidate
genes controlling several neuropsychiatric disorders [7-13].
Considering the expression of Skirk6 in the mature central nervous
system [1,2] (http://www.brain-map.org/), it is possible that
Shitrk6 has a role in the expression of higher brain functions.

In the present study, we evaluated the neurological character-
istics of the Sktrk6-KO mouse by performing systematic behavioral
analyses and physiological tests related to inner ear functions. The
results revealed deficits in the auditory, vestibular, and cognitive
functions of Skirk6-KO mice. We discussed the biological
significance of Sktrk6 and the similarities of deficits in the KO
mice to the phenotypes of some neurological diseases.

Results

General features of the Slitrk6-KO mouse

The Shtrk6 null allele (Shtrk6™) was generated by replacing its
entire protein-coding region by a loxP sequence [5]. Both male
and female Slitrk6-KO (Slitrk6~'™) mice grew without showing any
external abnormalities and were fertile [5]. A slight, but significant
reduction in body weight was observed in the adult male mice
(wild type [WT]: n=10, 26.5%£0.57 g [mean * SE]; KO: »= 10,
24.6+0.19 g at 12 weeks old). However, the reason for this weight
reduction is not clear. We used adult male Shtrk6-KO mice and
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WT (Slitrk6""*) littermates for the behavioral and inner ear
function tests. The behavioral tests are listed in Table 1.

Auditory function defects in Slitrk6-KO mice

Auditory brain-stem response (ABR) is an electrical signal
reflecting the neuronal activities related to auditory information
processing. The ABR method has been shown to be effective for
assessing auditory function in mice [14]. We recorded ABRs in
anesthetized mice with ear and scalp electrodes. The responses
were recorded upon delivering sound stimuli with certain ranges of
frequencies (2-24 kHz) and strength (10-80 dB). Figure lA
presents the ABR waves from WT and Sktrk6-KO mice. To
determine the hearing function of Sktrk6-KO mice, we first

Table 1. Summary of Slitrk6é KO behavioral analyses.

Neurological Deficits in Slitrk6-Deficient Mice

measured the thresholds for the appearance of a recognizable
wave representing ABR (Fig. 1B). The results indicated significant
increments (ca. 20 dB) of the sound intensity threshold for 8-kHz
(WT =48.5+2.6 [mean * SE], KO =62.2£2.22; P<0.01,
Mann-Whitney’s U-test) and 16-kHz (WT =17.1x1.84, KO =
30%2.88; P<0.05) stimuli, but not for 2-, 4-, and 24-kHz stimuli at
4 weeks of age. When the amplitude and latency values of peaks I,
II, and III with an 80-dB stimulus were compared between WT
and Skirk6-KO mice (Fig. 1C top), there was a significant
decrement in the peak I absolute values of 16-kHz (WT =
5.42+0.43 [mean = SE], KO =3.55£0.31; P=0.0031), 8-kHz
(WT =251x0.15, KO =1.36%0.16; P=0.00020), and 4-kHz
(WT =2.58£0.09, KO =2.02%£0.16; P=0.012) stimuli-induced

Open field

Hole-board test

Elevated plus maze

Light-dark box

Morris water maze

Fear conditioning

Hot plate test
Tail flick test

Rota- rod test

Startle response

Social interaction
Tail suspension

Forced swimming

total distance

moving speed

time in center area (%)
active time

total distance (cm)
head-dip latency (s)
number of head dips

head dipping duration (s)
rearing duration (s)

number of rearing episodes
total distance (cm)

entry number

time in open arm (%)
number of entry to open arm (%)
total distance (cm)

number of transitions
latency to transition to dark box
distance travelled in light box (%)
time spent in light box (%)
total distance (cm)
movement time (s)

latency to platform (s)
context test

cued test

lick

flinch

jump

rotation

startle response

initial/final

prepulse inhibition

number of contacts
immability time (%)
immobility time (%)

Test Parameter Comparison to WT mice

Home cage activity whole day ns.
light phase increment in KO mice (08:00-09:00, P<0.05)
dark phase decrement in KO mice (23:00-01:00, P =0.68)

decrement in KO mice (first 5 min, P<0.01)
decrement in KO mice (P<0.01)
increment in KO mice (first 5 min, P<0.01)
n.s.

n.s.

decrement in KO mice (P<0.05)

ns.

increment in KO mice (P<0.05)

n.s. }
ns.

n.s.

ns.

n.s.

ns.

n.s.

ns.

n.s.

ns.

n.s.

n.s.

n.s.

n.s.

ns.

ns.

n.s.

ns.

n.s.

n.s.

decrement in KO mice (95-120 dB, P<0.01)
ns.

n.s.

n.s.

decrement in KO mice (P<0.01)

n.s.

doi:10.1371/journal.pone.0016497.t001
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Figure 1. Auditory function abnormalities in S/itrk6-KO mice. (A) Representative waves of auditory brainstem response (ABR) from WT (left,
n=7) and Slitrk6-KO (right, n=9) mice. ABR were recorded upon 0- to 80-dB sound pressure level (SPL) stimuli of 2, 4, 8, 16, and 24 kHz. The dash lines
indicate the time of click presentation. The scale bars are shown at bottom right. (B) ABR thresholds in WT and Slitrké-KO mice. Slitrk6-KO mice
showed significantly higher thresholds to the 8- and 16-kHz stimuli than those of WT mice. (C) Top: Each peak number in a representative ABR wave.
Middle: Comparison of the values of peaks I, Il, and lll between WT and Slitrk6-KO mice. Peak | of Sitrk6-KO mice was significantly reduced in the range
of 8 to 16 kHz, and peak Ill was also significantly reduced at 24 kHz. Bottom: The latency to peaks |, I, and lil. The latency did not show clear
differences between WT and Slitrk6-KO mice. (D) Auditory startle response of WT (n=10) and Slitrk6-KO mice (n=10). Slitrk6-KO mice showed
significantly lower startle responses to 95- to 120-dB sounds. *P<0.05, **P<0.01. All bars are mean * standard error of the mean.
doi:10.1371/journal.pone.0016497.g001

responses in Skrk6-KO mice (Fig. 1C middle). There also was a
significant increment in the peak III absolute values for the 24-kHz
stimulus (Fig. 1C middle; WT =0.69%0.34, KO =1.76%0.20;
P=0.015). However, the peak latency was not significantly
different between the two genotypes (Fig. 1C bottom).

. PLoS ONE | www plosone.org

Auditory startle response (ASR) was included in the auditory
function analysis. We measured the ASR following white noise
stimulation with various sound intensities (Fig. 1D; 70-120 dB on
65-dB background noise). Compared with WT mice, Sktrk6-KO
mice showed significant decrements of ASR toward the stronger
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sound stimuli (95-120 dB; Fy,5=9.7, P=0.0059, two-way
ANOVA, main effect of genotype) but not toward the weaker
ones (70-90 dB). While there was a clear difference in ASR
between the genotypes, there were no significant differences in the
prepulse (70, 75, and 80 dB) inhibition of ASR induced by a 120-
dB stimulus (Table 1). Thus, both ABR and ASR results indicated
that there was an auditory function deficit in the Sktrk6-KO mice.

Vertical vestibular function defects in Slitrk6-KO mice

A previous study revealed the frequent absence of vestibular
nerve projection to the posterior crista in Sk#k6-KO mice [5].
Therefore, functions of the semicircular canal were investigated.
We measured eye movements induced by rotation of the head on
the plane of the horizontal semicircular canal, that is, the
horizontal vestibulo-ocular reflex (hWOR), or on the plane
perpendicular to the plane of the horizontal semicircular canal,
the vertical vestibulo-ocular reflex (VWOR). The horizontal
optokinetic response (hOKR), which shares the same neural
circuit within the cerebellum as that of the hVOR, was measured
as a reference. There were no clear differences in the hVOR or
hOKR gains and phases between WT and Skrk6-KO mice
(Fig. 2A, B). For the vWOR, however, Sktrk6-KO mice showed
significantly decreased gains at all four frequencies examined
(Fig. 2C; F,12=11.7, P=0.0051, two-way ANOVA, main effect
of genotype). There were no significant differences in the vWOR
phases. These results indicated that there was a functional deficit
in the semicircular canal of Shtrk6-KO mice.

We also performed behavioral tests related to vestibular
functions, such as swimming, contact righting, and suspension
[15]. In the suspension test, we did not see the trunk curling
posture that is typically found in mice with impaired vestibular
function [15] (data not shown). Swimming and contact righting
did not show clear differences between the two genotypes (data not
shown). In addition, Sktrk6-KO mice displayed a comparable
performance to that of WT mice in the rota-rod test (Fig. 2D),
which partly reflect vestibular function. These results suggested
that the vestibular functional deficit in Skitrk6-KO mice is mild and

selective for the posterior semicircular canal system.

Adaptive responses to environmental change are altered
in Slitrk6-KO mice

In addition to inner ear-related abnormalities in Sktrk6-KO
mice, novel phenotypes became clear based on their performance
in a battery of behavioral tests (Table 1). First, we noticed altered
activities of Sktrk6-KO mice in the home cage (Fig. 3). The activity
level during the early dark phase tended to be lower (20:00-01:00,
P=0.11; 23:00-01:00, P= 0.068) and that during the beginning of
the light phase was significantly higher (08:00-09:00, P=0.045)
than activity levels of the WT mice.

In an open field (OF) test with a 15-min observation period, the
Slitrk6-KO mice showed less locomotor activity (Fig. 4A), although
the difference was limited to the first 5 min (Fig. 4A; P=0.0023).
Furthermore, the percentage of time the Skwk6-KO mice
remained in the center area was significantly longer than the
WT only in the first 5 min (Fig. 4B; P=0.0082, Mann-Whitey’s
U-test). The abnormalities only in the early phase were thought to
reflect some altered adaptive responses to the novel environment.

We also noted altered responses to a novel environment in the
hole-board (HB) test, which was carried out for 5 min in a box that
was the same size as the OF box. However, the HB box differed
from the OF box in terms of color, brightness, and the presence of
four holes on its floor. The total duration of head dipping into the
holes by Skitrk6-KO mice was more than twice that of WT (Fig. 4D;
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P=0.046). In addition, the latency to the first head dip was
significantly shorter than that in the WT (Fig. 4E; P=0.028).

Because Sltrk6-KO mice showed altered spontaneous activities
in the three different contexts (home cage, OF box, and HB box),
we evaluated whether these behavioral abnormalities were caused
by elevated anxiety in a novel environment. We therefore
performed the elevated plus maze test and light—dark box test,
which are commonly used in neurobiological anxiety research. In
these tests, however, we did not find any obvious differences
between WT and Skrk6-KO mice (Fig. 5). These results indicated
that alterations of spontaneous activity in the home cage, OF, and
HB tests are due to cognitive dysfunction in the Sh#k6-KO mice,
rather than elevated anxiety.

The Morris water maze test, fear-conditioning test, forced
swimming test, social interaction tests, tail flick test, and hot plate
test did not show any abnormalities in the S#k6-KO mice as
compared to the WT (Table 1).

Discussion

The Slitrk6-KO mouse is a novel animal model of
sensorineural deafness

ABRs and ASRs indicated that there is an impaired auditory
function in Skrk6-KO mice. A mild (ca. 20-dB) elevation of the
sound intensity threshold was observed for 8- and 16-kHz sound
stimuli, resulting in a strong decrement of the ABR first wave (peak
I). The results suggest that the reduction of peak I to the 80-dB
stimulus is related to both the Sktrk6 loss-of-function and the
impaired auditory function. Although the precise origins of ABR
waves are not yet well defined, it is generally agreed that the first
wave represents activities of the auditory nerve and the late waves
represent neural transmission within the central auditory circuit
[16]. Our previous study revealed that during embryonic
development of Sktrk6-KO mice the number of axon projection
from the spiral ganglion to cochlear hair and the number of the
spiral ganglion neurons were lower than seen in WT mice [5]. The
total cell number in the spiral ganglion of Shirk6-KO mice was one
half that in WT, and the decreased number of the projection was
clearly observed as late as 4 weeks after birth. Therefore, it is likely
that the reduction of peak I may reflect these morphological
differences in the inner ear neural circuit of Sk#rk6-KO mice.

It is interesting that elevation of the sound intensity threshold
was not observed for the 24-kHz sound stimulus. The frequency-
selective sensitivity loss might not be fully explained by the
innervation defects in the inner ear, considering that the projection
impairment was generally observed from the basal to apical region
of the cochlea. It is possible that some mechanism compensates for
the desensitization to 24-kHz sounds. The enigmatic peak III
increment might reflect such a process.

Many genes are associated with hearing impairment in mice
[17,18], and 44 of them have been linked to human hereditary
hearing loss [17]. Our findings indicate that Sli#rk6-KO mice could
be a novel model of sensorineural deafness. According to the
current hereditary hearing loss database (http://hereditaryhear-
ingloss.org), the nearest neighboring gene related to hearing
impairment is an autosomal dominant nonsyndromic gene (DFNA
33, 13q34-qter) [19] approximately 27 Mb apart from SLITRK6
(13931.2). Thus, the involvement of functional deficits in SLITRK6
in human hereditary hearing impairment awaits further investi-
gation. Furthermore, Sk#rk6 inner ear abnormalities are known to
involve altered neurotrophin-signaling [5]. NT-3 delivery has been
attempted in model animals [20-22] with the aim of clinical
treatment of hearing impairment, and it would be beneficial to
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Figure 2. Vestibular function anomaly in S/itrk6-KO mice. (A) Dynamic characteristics of horizontal optokinetic response (hOKR) of WT (n=9)
and Slitrk6-KO (n=9) mice. (B} Horizontal vestibulo-ocular reflex (hWOR). There were no differences in gains (left) or phases (right) between WT (n=9)
and KO (n=9) in hVOR or hOKR. (C) Vertical vestibulo-ocular reflex (vWOR) of WT (n=8) and Slitrk6-KO mice (n=6). Gains of VVOR (left) of the Slitrké-
KO mice were significantly smaller than those of WT. (D) Rota- rod test. Rotation indicates the speed of rotation (rpm) at which the mice fell off or
revolved around the rod. The values were comparable between WT (n=12) and Slitrk6-KO (n = 8) mice, suggesting that there were no strong deficits
of balancing function in Slitrk6-KO mice. Values are mean * standard error of the mean.

doi:10.1371/journal.pone.0016497.g002

@ PLoS ONE | www.plosone.org

-216-

January 2011 | Volume 6 | Issue 1 | e16497



Neurological Deficits in Slitrk6-Deficient Mice

0 +—r—r—rrr—rr—r—rrr—rr—rr—rrrrrrrr—TT_rTrrrrrT T T T T T T

15:00 16:30 18:00 19:30 21:00 22:30 0:00 1:30 3:00 4:30 6:00 7:30 9:00 10:30 12:00 13:30
[ [ e |

Figure 3. Spontaneous activity in home cage. Each vertical bar represents standard error of the mean. #P=0.068; *P<0.05. WT, n=10; KO,
n=10. Below the graph, open and black bars indicate light phase (08:00-20:00) and dark phase (20:00-08:00), respectively.
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further clarify the mechanism of Sktrk6 action in development of
the inner ear and auditory signal processing.

Vestibular function abnormalities in Slitrk6-KO mice

Slitrk6-KO mice showed moderate deficit in the gain of vWOR,
but not in hVOR. Based on the orientations of mouse semicircular
canals [23], horizontal semicircular canals are selectively stimu-
lated in the test of hVOR, whereas the anterior and posterior
semicircular canals are equally stimulated in the test of vWOR in
our assay system. The involvement of otolith in the head rotation
used in our VVWOR test was small, as the effect of gravity was
minimal in the head rotation in nose-up position perpendicular to
the earth axis. On the other hand, we previously showed that the
neural projection to posterior crista, which develops to posterior
semicircular canal, was often lost in Sk#rk6-KO mice (78.3% at
E13.5 [2=83], 85.7% at E15.5 [n=28], and 90.3% after P14
[n=62]), but those to the anterior and horizontal canal cristae and
otolith organs remained intact [5]. Thus, the defect of VOR
(normal hVOR and impaired vVOR) is consistent with the
anomaly of vestibular nerve projection (intact innervation of
anterior and horizontal cristac and decreased innervation of
posterior crista) in Skrk6-KO mice. Concurrently, the VOR
results suggest that function of Sk#rk6-KO horizontal canal is not
obviously impaired, indistinguishable from those of WT. However,
the functional and structural properties of the remained inner ear
neural circuits of Skrk6-KO should be more carefully examined
because embryonic Sktrk6 expression broadly occurs in the inner
ear sensory epithelia [5].

Many mutant mice with vestibular function abnormalities are
listed in the current mouse genome informatics database (http://
www.informatics.jax.org/). However, we did not find any mice
with vertical-direction limited VOR abnormalities. In this regard,
the vestibular dysfunction in Sh#rk6-KO mice is unique. Together
with the selective innervation defects to the posterior crista, Sktrk6-
KO mice could serve as a useful model to study the role of the
semicircular canal in vestibular function.

Although the vestibular function alteration was clear in the
vVOR, it is unclear how the other behavioral phenotypes in
Shitrk6-KO mice reflect the altered vestibular function. For
example, Skirk6-KO mice showed a significant decrement in the
immobility time of the tail suspension test (Table 1). This alteration
could indicate the absence of a normal vestibular response for
vertical head movement. However, even if this is the case, the
overall vestibular function deficit appears to be mild and selective.

@ PLoS ONE | www.plosone.org

The vestibular innervation defects in the posterior canal may be
partially compensated by the anterior semicircular canal and
possibly the otolith organs, which also sense vertical head
movements.

In humans, a posterior semicircular canal dysfunction is related
to benign paroxysmal positional vertigo, in which displaced
otoconia are thought to enter a semicircular canal, usually in the
posterior one [24,25]. Although this is a disorder of late onset
(mean onset 54 years old) [24], there are pediatric patients with
balance and vestibular disorders [26,27]. Considering that
significant associations exist between sensorineural hearing loss
and balance disorders [26], it is possible that SLITRK®S is involved
in some pathophysiological processes of pediatric vestibular
disorders.

Cognitive dysfunction of Slitrk6-KO mice

This study revealed novel behavioral phenotypes of Skitrk6-KO
mice (Table 1). Among them, the abnormalities revealed by the
OF and HB tests may reflect similar aspects of altered higher brain
function in Shtrk6-KO mice. In both tests, the abnormalities
appeared soon (within 5 min) after entry into the test boxes.
Therefore, we assume that the novel environments induced the
differential behaviors. Our findings clearly indicated a neurolog-
ical basis for these behavioral abnormalities, which appeared to
reflect increased attention to the environment and emotional
responses similar to-“restlessness” or “confusion.”

It is tempting to correlate these behavioral abnormalities with
the role of Skrk6 in the thalamus, where its expression is clearly
demarcated among regions of the central nervous system [1,4,6]. If
we assume that the thalamic expression is significant, some sensory
information processing during adaptive behaviors may be
dysfunctional in Sk#k6-KO mice, considering the many roles
played by the thalamus in relaying and modulating sensory signals
[28-30]. Future studies should examine whether Sktrk6 loss-of-
function impairs the development or the function of the thalamic
neural circuit. Clarification of the molecular function of Sk#rk6 will
contribute to a better understanding of the higher function of the
mammalian brain.

Materials and Methods

Animals

Animal experiments were approved by the Animal Experiment
Committee of the RIKEN Brain Science Institute (approval no.
H18-2B032), and the mice were maintained at the institute’s
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Figure 4. Altered adaptive responses to a novel environment in Slitrk6-KO mice. (A, B) Open field test. (A) The total distance moved was
less in Slitrk6-KO than in WT mice (left). The distance moved in the first 5 min of the test was significantly lower in Slitrk6-KO mice (right). (B) In Slitrké-
KO mice, the total time spent in the center area was greater than that of the WT (left) and was significantly increased in the first 5 min of the test
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(right). (C-G) Hole-board test. There were no significant differences in distance moved (C), number of rearing episodes (D), and number of head dips
(E) between Slitrk6-KO and WT mice. Duration per head dip was significantly decreased in Slitrk6-KO mice (F). Latency time to head dip was
significantly decreased in KO mice (G). Values are mean * standard error of the mean. *P<0.05, **P<0.01 for Mann-Whitney’s U-test (B, center area

data) or Student’s t-test (others). WT, n=10; KO, n=10.
doi:10.1371/journal.pone.0016497.g004

Research Resource Center. The mice were kept on a 12-h light—
dark cycle, with the dark cycle occurring from 20:00 to 08:00. All
the testing described here was performed with adult male mice.
The behavioral tests were started when the mice were 12 weeks old
and completed before they reached the age of 16 weeks. In total,
45 pairs of WT and KO mice were used in this study.

Auditory brainstem response

For the measurement of ABRs, mice were anesthetized with an
intraperitoneal injection of 60 mg/kg sodium pentobarbital
(Nembutal, Dainippon Pharmaceutical Co., Ltd., Osaka, Japan),
and needle electrodes were inserted at the vertex and pinna with a
ground near the tail. ABRs were evoked with 4-ms tone pips at 40
per second with a 0.4-ms cosine squared rise—fall envelope and

A

alternating in polarity to remove frequency-following responses.
The voltage difference between the pinna and vertex was
amplified (10,000x), filtered, digitized at 100 kHz, and averaged
across 512 presentations. The sound level was decreased in 10-dB
steps from an 80-dB sound pressure level. The threshold,
amplitude, and latency of responses were defined by visual
inspection of stacked waveforms.

Auditory startle response

In this test, each mouse was put into a small cage (30 or 35 mm
diameter, 12 cm long) that was set on a sensor block within a
sound-proof chamber (60x50x67 cm [height]). A dim light was
equipped on the ceiling of the sound-proof chamber (10 lux at the
center of the sensor block), and a 65-dB white noise was presented
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Figure 5. Normal anxiety level of Slitrk6-KO mice. (A) Elevated plus maze test. There was no difference between the genotypes in terms of
distance traveled (left) or time spent in open arms (right). (B) Light-dark box test. Latency to the first entry into the dark box (left) and time spent in
the light box (right) were not significantly different between WT and Slitrk6-KO mice. Values are mean * standard error of the mean. WT, n=10; KO,

n=10.
doi:10.1371/journal.pone.0016497.g005
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as background noise. In the ASR test, each mouse was
acclimatized to the experimental condition for 5 min, then the
experimental session began. In the first session, a 120-dB startle
stimulus (40 ms) was presented to the mouse 10 times at random
intertrial intervals (10-20 s). In the second session, the startle
response to stimuli at various intensities was assessed. Five times of
70 to 120 dB (70, 75, 80, 85, 90, 95, 100, 110, 120 dB) white noise
stimuli (40 ms) were presented in quasi-random order and random
inter-trial intervals (10-20 sec). In the prepulse inhibition session,
the mouse experienced five types of trials: (1) no stimulus; (2) startle
stimulus (120 dB, 40 ms) only; (3) 70-dB prepulse (20 ms, lead
time 100 ms) and 120-dB pulse; (4) 75-dB prepulse (20 ms, lead
time 100 ms) and120-dB pulse; and (5) 80-dB prepulse (20 ms,
lead time 100 ms) and 120-dB pulse. Each trial was repeated 10
times in quasi-random order at random intertrial intervals (10—
20 s). In the final session, again a 120-dB startle stimulus (40 ms)
was presented to the mouse 10 times at random intertrial intervals
(10-20 s). The total duration of an ASR test was about 35 to
40 min. After each trial, holding chambers were washed with tap
water, wiped with a paper towel, and dried. Apparatuses and
software for data analysis used were commercially available ones
(Mouse Startle, O’Hara, Tokyo, Japan).

Vestibulo-ocular reflex and optokinetic response eye

movements

Eye movement was measured by the infrared TV method as
described previously [31,32]. Under isofluorane (Escain, Mylan-
Japan, Tokyo, Japan) anesthesia and aseptic conditions, a platform
for head fixation was made on the mouse cranial bone using
synthetic resin (Superbond C &B, Sun Medical, Tokyo, Japan) and
one 15-mm stainless bolt. Two days after surgery, a mouse was
mounted on the turntable surrounded by a checked-pattemn (check
size, 4°) screen (diameter, 60 cm; height, 60 cm), with the head
fixed and the body loosely restrained in a plastic cylinder. The
horizontal and vertical vestibulo-ocular reflexes (hWOR and
vVOR, respectively) and horizontal optokinetic response (hOKR)
eye movements were measured. The hVOR was tested in the dark
by sinusoidal turntable oscillation at a frequency of 0.11-0.50 Hz
and peak-to-peak amplitude of 10° on the plane parallel to the
bilateral horizontal semicircular canals. The hOKR was tested in
the light with sinusoidal screen oscillation at a frequency of 0.11-
0.33 Hz and peak-to-peak amplitude of 10-20° (maximum screen
velocity, 3.5-10.5°/s) on the same plane. The vVOR was tested in
the dark with turntable oscillation at a frequency of 0.11-0.5 Hz
and peak-to-peak amplitude of 10° on the plane perpendicular to
the plane of the bilateral horizontal semicircular canals. During
the test of vVWOR, the mouse laid on its back in the plastic cylinder
with the head-up position on the turntable [33]. More than 10
cycles of the evoked horizontal (hWOR and hOKR) or vertical
(vWWOR) eye movements free from artifacts due to blinks and
saccades were averaged, and the mean amplitude and phase were
calculated by a modified Fourier analysis [34]. A gain of the eye
movement was defined as the ratio of the peak-to-peak amplitude
of eye movements to that of the turntable or screen oscillation.
The phase was defined as 0° when the peak of the eye movement
was opposite to the peak of turntable oscillation in the hVOR and
vVOR and when the peak of the eye movement matched the
screen oscillation in the hOKR.

Rota-rod test

A mouse was placed on a rotating rod (O’Hara) and the time it
was able to maintain its balance walking on top of the rod was
measured. The speed of rotation was 4 rpm on day 1, and the
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speed was accelerated from 4 to 40 rpm over a 4-min period and
then maintained at 40 rpm for another 1 min on days 2 to 5. Mice
were tested in one trial for 2 min on day 1 and in four trials with a
maximum time of 300 s (intertrial intervals were 2030 s) on days
2 to 5. The time between placement and falling off or revolving
around the rod was recorded manually.

Home cage activity

Spontaneous activity of each mouse in its home cage was
measured using a 24-channel ABsystem 4.0 (Neuroscience, Tokyo,
Japan). Cages were individually set into the stainless steel
compartments of a negative breeding rack (JCL, Tokyo, Japan).
An infrared sensor was equipped on the ceiling of each
compartment and it detected movements of the mice. Home cage
activity was measured for 1 week, starting from the afternoon of
the day mice were transferred to the behavioral laboratory (day 1).
Only data from days 2 to 8 were statistically analyzed. After
termination of the home cage activity measurements, cages and
bedding materials were changed and the mice were maintained in
a micro-isolation rack (Allentown, PA, USA) throughout the
behavioral screening.

Hole-board test

For this test, an OF system made of gray plastic (50 x50 x40 cm
[height]) with four equally separated holes (3 cm diameter, each
with an infrared sensor) on the floor was used (model ST-1/WII,
Muromachi-kikai, Tokyo, Japan). The field was illuminated by
fluorescent light (180 lux at the center of the field), and the level of
background noise was approximately 50 dB. The behavior of each
mouse was monitored by a CCD camera (placed about 1.5 m
above the field). In the HB test, a mouse was introduced into the
center of the field and allowed to explore freely for 5 min. Total
moving time (s), distance traveled (cm), latency for head dipping
(s), number of head dips, duration of head dipping (s), duration of
rearing (s), and number of rearing episodes were measured as
indices. Data were collected and analyzed using CompACT VAS
system (Muromachi-kikai).

Open field, elevated plus maze, and light-dark box tests
Open field, elevated plus maze, and light-dark box tests were
performed as described previously [35].

Statistical analyses

Statistical analyses were conducted using the SPSS statistical
package (ver. 16.0, SPSS Japan Inc., Tokyo, Japan). Parametric
data were analyzed by Student’s #-test, and nonparametric data
were analyzed by Mann-Whitney’s U-test. Reported P values refer
to Student’s -test unless otherwise noted. Effects of factors were
analyzed by one-way ANOVA, two-way ANOVA with post hoc
tests, and generalized linear model. Differences were defined as
statistically significant when P<0.05.
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