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Enhancement of Both Long-Term Depression Induction
and Optokinetic Response Adaptation in Mice Lacking
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Abstract

In the cerebellum, Delphilin is expressed selectively in Purkinje cells (PCs) and Is localized exclusively at parallel fiber (PF)
synapses, where it interacts with glutamate receptor (GluR) 52 that is essentlal for long-term depression (LTD), motor
leamning and cerebellar wiring, Delphilin ablation exerted little effect on the synaptic localization of GIURG2. There were no
detectable abnormalities in cerebellar histology, PC cytology and PC synapse formation in contrast to GIuR82 mutant mice.
However, LTD induction was facilitated at PF-PC synapses in Delphilin mutant mice. Intracellular Ca** required for the
induction of LTD appeared to be reduced in the mutant mice, while Ca** Influx through voltage-gated Ca** channels and
metabotropic GluR1-mediated slow synaptic response were similar between wild-type and mutant mice. We further showed
that the gain-increase adaptation of the optokinetic response (OKR) was enhanced in the mutant mice. These findings are
compatible with the idea that LTD induction at PF-PC synapses is a crucial ratedlimiting step in OKR gain-increase
adaptation, a simple form of motor learning. As exemplified in this study, enhancing synaptic plasticity at a specific synaptic
site of a neural network is a useful approach to understanding the roles of multiple plasticity mechanisms at various
cerebellar synapses in motor control and learning.
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Introduction

Various studies suggest the important roles of the cerebellum in
the regulation of fine motor control and motor learning [1,2]. The
pattern of intrinsic neural connections in the cerebellum is known
in considerable detail [3]. The wealth of knowledge of neural
circuits in the cerebellum has led to the construction of models and
theories of cerebellar functions [4-6]. These make the cerebellum
an ideal system for studying the molecular and cellular mechanisms
of brain function. The M methyl-D-aspartate (NMDA) type of the
glutamate receptor (GluR), a key molecule of synaptic plasticity and
learning in the hippocampus and other forebrain regions, is absent
in the cerebellar Purkinje cells (PCs). We found the & subfamily of
GluR by molecular cloning [7] and the second member of this
subfamily, GluR 82, is selectively expressed in cerebellar PCs [8,9].
In PCs, GIuRS2 is exclusively localized at parallel fiber (PF)-PC
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synapses [10,11]. Long-term depression (LTD) at PF-PC synapses,
motor learing and motor coordination are impaired in GluR62
mutant mice [12-15]. In addition, a significant number of PC
spines lack synaptic contacts with PF terminals and multiple
climbing fiber (CF) innervation to PCs is sustained in GluR&2
mutant mice [13,16-18]. Furthermore, inducible ablation of
GluR82 in the adult brain causes mismatching and disconnection
of PF-PC synapses [19]. Thus, GluR32 plays a central role in the
synaptic plasticity, motor learning and neural wiring of cerebellar
PCs. There is no evidence for GluR&2 channel activities, although
lurcher mutation transformed GluR32 to consttutively active
channels [20]. One possible signaling mechanism through GluR52
is by protein-protein interactions. Truncation of the carboxyl-
terminal PSD-95/Discs large/zona occludens-1 (PDZ)-binding
domain of GluR&2 (T site) impairs LTD induction at PF-PC
synapses and caused CF territory expansion, but had little effect on
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PF-PC synapse formation and elimination of surplus CFs at

dendrites of PCs [21]. Among PDZ proteins interacting
with GluR82 at the T site, Delphilin appears to be interesting
because of its selective expression in PCs except for a slight
expression in the thalamus [22]. Within PCs, Delphilin is localized
at PF synapses, but not at CF synapses. The characteristic
expression pattern of Delphilin is reminiscent of GluR82. Here
we report that Delphilin ablation results in the enhancement of
both LTD induction at PF-PC synapses and optokinetic response
(OKR) gain-increase adaptation, without affecting any detectable
histological abnormalities. The phenotypes of Delphilin mutant
mice are consistent with the idea that LTD induction at PF-PC
synapses is a crucial rate-limiting step in OKR gain-increase
adaptation, a simple form of motor learning.

Methods

Generation of Delphilin mutant mice
We isolated a mouse genomic clone carrying exon 2 and 3 of
the Delphilin gene by screening a bacterial artificial chromosome
library prepared from the C57BL/6 strain (Incyte Genomics, St.
Louis, MO). The 34-bp loxP and 16-bp linker sequences were
inserted into the Awll site 93-bp upstream of exon 2, and the 1.9-
kb DNA fragmem czrrying the 34-bp loxP sequence and Fgk-7
driven nes gene flanked by two fif sites into the Sphl site
423—bp downstream of exon 3. Targeting vector pTVDELI
contained exon ‘2 and 3 of the Delphilin gene flanked by loxP
sequences, the 6.7-kb upstream and 2,3-kb downstream genomic
sequences and 4.3-kb pMCIDTpA [23]. Homologous recombi-
nation in C57BL/6 embryonic stem cells and chimeric mouse
production were carried out as described previously [19]. A
chimeric mouse with the floxed Delphilin gene was mated to
TLCN-Cre mice [24,25], which were backerossed 5 times to the
C57BL/6 strain, to yield D™~ mice. The e gene was bred out
and heterozygous Delphilin mutant mice were crossed with each
other. Resulting homozygous mutant mice (Del””~) and wild-type
littermates (Del”’™) were used as mutant and control mice,
respectively. The wild-type and mutant mice of 9 to 10 wecks
old were used for suhscqucnt analyses unless otherwise specified.
The genotypes of mice were determined by polymerase chain
reaction using primers 5'-GCTGGGAATGCAAGTCTGTT-3'
(DelP1), 5'-TGCGACACCACCTCGTCGAA-3' (DelP2), and 5'-
CTGACTAGGGGAGGAGTAGA-3' (NeoR). Mice were fed ad
libitum with standard laboratory chow and water in standard
animal cages under a 12-h light: 12-h dark cycle. All animal
procedures were approved by the Animal Care and the Use
Committee of Graduate School of Medicine, the University of
Tokyo (Approval # 1721T062), the Local Commitice for
Handling Experimental Animals in the Graduate School of
Science, Kyoto University (Approval # H1804-12 and H1804-
13), and the Animal Carc and Use Committee of Hokkaido
University (Approval # 06012),

Western blot analysis

Whale were prepared from cercbella of mice at
postnatal day 42 (P42) as described [26]. Western blot analysis was
carried out as described [19]. Primary antibodies were guinea pig
anti-Delphilin [22], rabbit anti-GluR2/3 (Upstate, Charlottesville,
VA), rabbit anti-GluR52 [B], rabbit anti-postsynaptic density
(PSD)-93 [27], rabbit anti-PTPMEG [28], rabbit anti-Synapsin 1
(Merck, Darmstadt, Germany) and rabbit anti-neuron specific
enolase (NSE) [29]. Expression levels in the mutant mice werc
estimated as percentages of those in the wild-type mice using NSE
as an internal standard.
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Histological analyses

Histological and electron microscopic analyses were carried out
as described [19,30]). Immunoperoxidase staining was carried out
using guinea pig anti-Delphilin antibody. Double immunoftuores-
cence was carried out using rabbit anti-calbindin [31], guinea pig
anti-vesicular glutamate transporter | (VGIuT1), guinea pig ant-
vesicular glutamate transporter 2 (VGIuT2), and rabbit anti-
vesicular y-amino butyric acid transporter (VGAT) [32] anubod-
ies. To count PF-PC synapses on electron micrographs, 20
electron micrographs were taken randomly for each mouse from
the molecular layer in the lobule TV/V at an ongnal
magnification of x4,000 with an H-7100 electron microscope
(Hitachi High-Technologies, Tokyo, Japan). Post-embedding
immunogold analysis was carried out as described [22,30] using
rabbit anti-GluR82 antibody or the mixture of rabbit ant-GluR 1,
GluR2 and GluR3 antibodies [33].

Electrophysiological analyses

Parasagittal cerebellar slices (250-fm thickness) were prepared
from mice at P14-P18 unless otherwise stated. Whole-cell voltage-
clamp recordings were performed on PCs in the TI-VIIT lobules of
vermal region. A PC was whole-cell voltage-clamped with a patch
pipette (2-3 M) filled with the internal solution consisting of (in
mM) 150 CsCl, 0.5 EGTA, 9 sucrose, 10 HEPES, 2 Mg-ATP
(Sigma-Aldrich, St. Louis, MO) and 0.2 Na-GTP (Sigma-Aldrich),
titrated to pH 7.3 with CsOH unless otherwise stated. The slices
were continuously perfused with the oxygenated Krebs' solution
containing (in mM) 124 NaCl, 1.8 KCl, 1.24 KH,PO,, 1.3
MgCly, 2.5 CaCly, 26 NaHCOj3 and 10 glucose with 95% O, and
5% CO; at 22-24°C. Bicuculline (20 pM, Sigma-Aldrich) was
added to suppress spontaneous inhibitory postsynaptic currents.
Tonic currents were recorded with an EPC-9 or an EPC-10
amplifier (HEKA Elekironik, Lambrecht, Germany), and the
signal was filtered at 1.5 or 2.9 kHz and digitized at 10 kHz. The
membrane potential was held at —80 mV after compensation of
the liquid junction potential unless otherwise stated.

To record miniature excitatory postsynaptic currents (mEPSCs),
| UM tetrodotoxin (Wako Pure Chemical, Osaka, Japan) was
applied to prevent action potential (AP) generation. The mean
amplitude of mEPSC in a particular neuron was calculated from
more than 300 mEPSCs, and the mean*SEM from 20 neurons
are presented. The 10-90% rise ume and the halt-height width
were measured in 10-11 mEPSCs in a PC and averaged, and the

mean=SEM among 10 PCs was calculated. The metabotropic
glutamate receptor type | (mGluRI1}mediated slow synaptic
response was induced by repetitive stimulation of PFs (50 Hz, 1-
20 times) in the molecular layer in the presence of 10 UM a-
amino-3-hydroxy-3-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptor blocker 2,3-dioxo-6-nitro-1,2,3 4-tetrahydrobenzo[f] qui-
noxaline-7-sulfonamide (NBQX) (Tocris Cookson, Bristol, UK)
in addition to bicuculline. The CF response was induced by
applying electrical stimulation (200 ps) to the granular layer ncar
the soma of PC prepared from P22-P24 mice voltage clamped at
~20 mV. In order to estimate the number of CF innervations, the
intensity of stimulation was gradually increased from 0 V to 50 V
by 3-5V, and the number of amplitude steps in EPSCs was
counted. ltuluwwn that most PCs are innervated by single CF at
P22-P24. The Ca®* current through voltage-gated Ca®* channels
wa.sreoordcdbyapplymg?ﬂmadcpohnnngvulugepudmma
PC prepared from a P35 mouse in the presence of 10 mM
tetraethylammonium chloride (Sigma-Aldrich), 1 mM 4-amino-
pyridine (Sigma-Aldrich) and 1 pM tetrodotoxin in addition to
bicuculline and NBQX. Immature PCs were used in the Ca®*
current measurement to obtain a better voltage- and space-clamp
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condition. The series resistance compensation was optimized for
Ca current recording. The resting potential and AP were also
recorded under the current-clamp condition with the K-gluconate
internal solution in which CsCl and CsOH were replaced with K-
giuconate and KOH, respectively. The series resistance compen-
sation was optimized. PC firing frequency was measured under the
cell-attached or current-clamp condition.

To monitor LTD, test pulses (1-10 V, 200 ps) were applied to
PFs in the molecular layer at 0.05 Hz, except for the period of
conjunctive stimulation. The intensity of stimulus was adjusted to
cvoke PF-EPSC whose initial amplitude was 100-200 pA. After
stable recording for at least 7.5 min, the conditioning stimulation
was applied to induce LTD. The conditioning stmulation was
200 ms depolarization of a PC to =20 mV coupled with the
pakthFsﬁmu!iappﬁcdallSandS&nuaﬁulhcomof
depolarization. This conjunctive stimulation was repeated once,
twice, 5 imes, 10 tmes or 20 times at | Hz. In some experiments,
IOmM EGTA was added to the mtermal solution. Series
resistance (10-30 M£Q) and input resistance were monitored every
2.5 min by applying a +10 mV, B0 ms voltage pulse to =70 mV,
The data were discarded if the series resistance changed by more
than 20% or the input resistance became <<100 MQ.

OKR recordings

Eye movement recordings were performed by the video method
as described [34,35]. The sampling frequency of the image was
30 Hz. To induce OKR the screen with vertical black and white
stripes (14°) that surrounds a mouse was rotated sinusoidally in
light. The traces of eye velocity calculated from eye positions, and
the stimulus (screen or turntable rotation) velocity were fitted with
the respective sine curves by a least square method for at least
successive 10 cycles except for the recording at 0.1 Hz (5 cycles or
more). The gain of OKR was defined as the amplitude of fitted
sine curve of eye velocity divided by that of stimulus. The negative
value in phase indicates the lead of eye movement relative to the
propertics of OKR were measured twice and averaged values
were used for the data analysis. To induce the adaptive change in
OKR, the surrounding screen was rotated sinusoidally at 0.2 Hz,
%7.2° for 60 min each day. To prevent extinction of the learned
response, the animals were kept in the dark berween sessions.
During the training paradigms, we made noises by clapping hands
every 5 min in order to keep a mouse in an aroused state.

Motor coordination test

Naive male mice were housed individually and were handled for
~1 min a day for 7-10 days before behavioral tests. An animal
was placed in the midpoint of a thin rod (TR-3002; O'Hara,
Tokyo, Japan), and given six trials with 30-min inter-trial intervals.
For a rotarod test, mice were habituated to an apparatus (RRSW-
3002, O'Hara) by placing them on the rod rotating at 2.5 rpm
(32 min sessions). An animal was placed on the rod rotating at
25 rpm, and given three trials with 45- to 60-min inter-trial
intervals for 4 consecutive days.

Statistical analyses

All behavioral experiments were performed in a blind fashion.
Data were expressed as mean=SEM. Statistical analysis was
performed using Student’s ¢ test, Mann-Whitney U test, Fisher's
exact probability test or ANOVA with repeated measures as
appropnate. Correlation analysis was done using Pearson’s
coeflicient of comparison. Statistical significance was set at
p<0.05.
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Results

Cerebellar structure of mutant mice lacking Delphilin

To examine the functional role of Delphilin in the cerebellum,
we generated mutant mice lacking Delphilin (Fig. 1A). The
Delphilin mutant mice grew and mated normally. Western blot
analysis confirmed the lhiml:!ochh:bﬂin of ISSE.D; in the
mutant mice (Fig. 1B). Swong i shistochemical signals of
Dclphdln in the cerebellar molecular layer as well as faint signals
in the thalamus attenuated in the mutant mice (Fig. 1C).

The cerebellum of the mutant mice exhibited normal foliation
and laminated cortical structures (Fig. 1D). Double immunostain-
ing for calbindin and VGIuT] revealed that PCs extended well-
arborized dendrites studded with numerous spines (Fig. 1E,F),
which were tightly associated with PF terminals (Fig. 11]).
Immunostaining for VGIuT2 and VGAT showed that the
imnervation patterns of CF and inhibitory terminals in the
cerebellar molecular layer were comparable between the wild-
type and mutant mice (Fig. 1G,H). In both genotypes, PC spines
forming asymmetrical synapses were distributed in large numbers
in the neuropil of the molecular layer (Fig. 11]). The cytoarchi-
tecture and synaptic differentiation in the flocculus and parafloc-
culus were also indistin between the wild-type and
mutant mice (Fig. S1). The numbers of PF-PC synapses per
100 pm”? of the neuropil area were comparable berween the wild-
type (20.9%1.0, mean*SEM, n =4) and mutant mice (20.7%0.5,
n=6; Mann-Whitney [/ test, p>0.05). Thus, Delphilin ablation
exerted little effect on cerebellar histology, PC cytology and PC
synapse formation,

Expression and localization of GluR&2
Immunoblot analyses of the whole cerebellar homogenates
showed that the amounts of GluR&2 as well as PSD-93,
PTPMEG and Synapsin | were comparable between the wild-
type and mutant mice (n =3 for each; Student’s ¢ test, p>0.2 in
all cases), while those of anti-GluR2/3 antibody-immunoreactive
AMPA receptor proteins were slightly increased in the mutant
mice (p=0.005, Fig. 2A). Both Delphiln and GluR&2 are
i localized at PF-PC and interact with each
other [13,22]. We thus examined the effect of Delphilin ablation
on the synaptic localization of GluR62 by the postembedding
immunogold technique. In both genotypes, immunogold labeling
of GluR32 was concentrated at PF-PC synapses (Fig. 2B).
GluR&2-particles were hardly found at CF-PC and interneuron
(IN}-PC synapses (Fig. 2C). No significant differences were
detected in labeling density between the wild-type and mutant
mice in each type of PC synapses (Mann-Whimey U test, p>0.4
in all cases). In the perpendicular synaptc localization, gold
pariicles for GluR82 peaked at (-8 nm bin just postsynaptic
from the midpoint of the postsynaptic membrane in both mice
(Fig. 2D). In the tangential synaptic localization, gold particles
were deposited uniformly along the postsynaptic membrane,
except for the marginal 20% (80-100% bin) that showed a slight
reduction (Fig. 2E). These results suggest that Delphilin ablation
exerted little effect on the synaptic localization of GluR$82. The
synaptic distribution of AMPA receptors was also examined by
the postembedding immunogold technique. Gold particles
representing AMPA receptors were detected on the postsynaptic
membrane of PF-PC synapses in both genotypes (Fig. 2F). When
quantified, the number of gold particles of AMPA receptors per
profile of PF-PC synapses in the mutant mice (6.4%0.3, n=300
from 3 mice) was significantly larger than that in the wild-type
mice (4.6*0.3, n=300 from 3 mice; Mann—Whitney U test,
p<0.001).
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Figure 1. Generation and cerebellar structure of mutant mice lacking

(Def"), and null allele (Del ™). Exon 3 encodes the PDZ domain of Delphilin. The Def™™ allele contains two JoxP sequences flanking exon 2 and 3 of the
Delphilin gene and the neo gene flanked by two frt sequences. Del”’~ mice were obtained by crossing mice with TLCN-Cre mice. Neo,
neomycin phosphotransferase gene; H, Hincll; X, Xhol, Xb, Xbal. B, Western blot analysis of Delphilin in cerebellar homogenates. C,
Immunochistochemical analysis of Delphilin in the parasagittal brain sections. D, Hematoxylin staining of the parasagittal brain sections. Cb,
cerebellum; Cx, Cerebral cortex; Hi, hippocampus; Ht, hypothalamus; Mb, midbrain; MO, medulla : OB, olfactory bulb; Po, pons; Th,
thalamus. EF, Double immunofluorescence for calbindin (green) and VGIUT1 (red) in the cerebellar molecular layer of wild-type (E) and mutant (F}
mice. Asterisks |I'ldiﬂ‘l:!ﬂ‘l!¢!nbodydPC&MLM?I‘YQ’.G,H.MMMMMWT{QMIMMH{MMW
cerebellar molecular layer of wild-type (G) and mutant (H) mice. Asterisks indicate the cell body of PCs. ML, molecular layer. LJ, Electron micrographs
of the cerebellar molecular layer of wild-type (I) and mutant (J) mice. BG, Bergmann glia; Dn, PC dendrite; 5, PC spine in contact with PF terminals.

Delphilin. A, Schema of the Delphilin gene (Del"), floxed allele

Scale bars: CD, | mm; EG, 20 pm; |, 1 pm,
dol:10.1371/joumnal. pone.0002297.g001

Facilitation of LTD induction

There were no significant differences between the wild-type and
mutant PCs in basal electrical properties including input
resistance, resting potential, AP firing frequency, amplitude,
threshold and half-height width (Table 1). The amplitude of
mEPSCs was slightly larger in the mutant mice; however, the
frequency and time course of mEPSCs were not significantly
different between the genotypes (Table 1).

In cerebellar slices of both genotypes, 10 paired-stimulations of
PFs in conjunction with PC depolarization induced robust LTD
(Fig. 3A). The amplitude of LTD measured 30 min after the
induction in the mutant mice (52.5%13.7%, n=7) was compara-
ble to that in the wild-type mice (56.0£5.0%, n=7; Student’s ¢
test, p=0.82). The 5 conjunctions induced weak LTD in the wild-
type mice (87.5%13.9%, n=6). In contrast, robust LTD was
induced in the mutant mice (47.8%14.9%, n = 6; p= 0.02; Fig. 3B).
Further, 2 conjunctions failed to induce LTD in the wild-type mice
(97.3%12.1%, n = 7). However, this weak conditioning successfully
induced robust LTD in the mutant mice (55.0%5.4%, n=10;
p=0.01; Fig. 3C). The amplitudes of LTD induced by the 2-
conjunction stimulation in the mutant mice were comparable to
those induced by the 10-conjunction stimulation in the wild-type
or mutant mice (p=0.90 and 0.87, respectively; Fig. 3E). Just one
conjunction induced weak LTD in the mutant mice (78.9+8.3%,
n=6) but not in the wild-type mice (101.5%18.8%, n=5;
p=0.28; Fig. 3D). These results do not necessarily mean that
LTD can be induced by a single or a few conjunctions of CF and
PF activities in oizo, because in the present experiments Cs” was
introduced into a PC that should have enhanced the Ca®* influx.
However, they suggest that LTD is induced relatively easily in the
mutant mice in vigo. The time courses of LTD development
(decrease in PF-EPSC amplitude) were similar irrespective of the
number of conditioning conjunctions in both the wild-type and
mutant mice. Together, these results suggest that Delphilin
ablation facilitated LTD induction at PF-PC synapses with little
cffect on the saturation level of the amplitude.

Ca® influx through voltage-gated Ca®™ channels, mGluR1
activation and AMPA receptor activation are required to induce
LTD [36,37). The amplitudes of Ca® influx through voltage-
gated Ca?" channels for the two genotypes were similar (Table 1),
A repetitive stimulation of PFs induces a slow inward current
mediated by mGluR 1 [38]. No significant difference was detected
between the wild-type and mutant mice in terms of the amplitude
and time course of the mGluR 1-mediated slow synaptic response
(Fig. 4A, Table 1). Cytosolic Ca®™ is necessary to induce LTD at
PF-PC synapses [37]. When 10 mM EGTA was introduced into a
PC, LTD was swongly suppressed in the wild-type mice
(95.1£9.4%, n=5) but only weakly in the mutant mice
(63.1£7.2%, n=35; Student’s ¢ test, p=0.03; Fig. 4B). These
results suggest that LTD was induced with less intracellular Ca®™
in the mutant mice,
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CF responses were recorded from P22-P24 mice, and the
number of amplitude steps of EPSCs in responsc to the stimulation
whose intensity was gradually increased was determined. CF
responses with multiple amplitudes were limited in both genotypes
(wild-type, 2 of 22; mutant, 2 of 17; Fig. 5A). This indicates that
multiple innervations of CFs were rare in the mutant mice as in
the wild-type mice (Fisher's exact probability test, p=0.59). The
amplitudes and time course of CF-EPSCs were also similar in the
two genotypes (Student's ¢ test, p=>0.6 in all cases; Fig. 5B,C).

Enhancement of OKR adaptation

To test the learning ability of Delphilin mutant mice, we
examined OKR, the eye movement that follows the movements of
large visual fields, and its adaptation. The cerebellar flocculus is
involved in OKR adaptation, while vestibular nuclei play a central
role in OKR [6]. OKR was elicited by sinusoidally oscillating a
vertically striped screen surrounding an animal at 0.1-1.6 Hz,
+1.8-14.4° in light. The gain, which is the relative amplitude of
eye movement against screen movement and the phase, which is
the delay of eye movement from screen movement, were analyzed.
The OKR gains of the wild-type and mutant mice decreased as
the frequency of screen oscillation was increased at a fixed peak
amplitude of 1.8° and as the angular amplitude of screen
oscillation was increased at a fixed frequency of 0.4 Hz (Fig. 6A).
Under these conditions, the mutant mice showed a slightly larger
OKR gain than the wild-type mice (ANOVA with repeated
measures, genotype effect, Fjy 25,= 6.0, p=0.02). The OKR phasc
lags were less than 20° except at a frequency of 1.6 Hz (Fig. 6B).
There were no significant differences in OKR phase lag between
the two genotypes {!EIINYPE effect, Fﬂ_ﬂ) =212, P= 0.15).

Continuous oscillation of the screen at 0.2 Hz, *£7.2° for
60 min induced an increase in OKR gains in both the wild-type
and mutant mice (Fig. 6C,D). The adaptive increase in OKR gain
in the mutant mice was significantly larger than that in the wild-
type mice (genotype effect, Fj; 25,= 10.2, p=0.004). The difference
in basal OKR gain might have affected the leamning process.
However, there was no significant correlation between the basal
OKR gain and the adaptive increase in OKR gain in cach
genotype  (Pearson:  wild-type, r=—0.30, p=042; mutant,
r=046, p=0.09). The adaptive decreases of OKR phase lag
were similar for two genotypes (ANOVA with repeated measures,
genotype effect, Fjj 25 =0.35, p=0.56.. When the training was
conducted for 5 consecutive days, the OKR gains of both the wild-
type and mutant mice increased significantly with the number of
training sessions (session effect, Fig 207, = 82.1, p<<0.001; Fig. 6E).
On days | to 4, the mutant mice showed significantly larger gains
than the wild-type mice (genotype effect, p=0.008-0.04). Howev-
er, the OKR gains of the wild-type mice became comparable to
those of the mutant mice on day 5 (genotype effect, Fj 25, =0.28,
p=0.60). The OKR phase lag decreased with the number of
training sessions in both genotypes (session effect, Fig 207 =25.8,
p<0.001; Fig. 6F). There were no significant differences in phase
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Figure 2. Expression and distribution of GluRé2 at PF-PC
synapses. A, Representative Westem blots of GluR52, PSD-93, PTPMEG,
GluR2/3 and Synapsin | in the cerebellum. B, Postembedding immuno-
gold for GIuRS2 at PF-PC synapses. PF, parallel fiber; Sp, spine. €. The
number of immunogold particles for GluR52 per profile of PF-PC synapses
(#/+, n=217; =/—, n=179), CF-PC synapses (+/+,n=12; —/—,n=23) and
IN-PC synapses (+/+, n=9; —/—, n=25). Data are expressed as mean=
SEM. D, Perpendicular localization of GluRS2 at PF-PC synapses. The
di es from the midpoint of the postsynaptic membrane to the center
of gold particles were grouped into 8-nm bins. E, Tangential localization
of GluR2 at PF-PC synapses. The relative medio-lateral position of gold
particles is indicated as the percentage of the distance from the center
(09%) to the edge (100%) of the PSD. Arrows indicate the boundary of PSD.
F, Postembedding for AMPA receptors at PF-PC synapses.
PF, parallel fiber; Sp, spine, Scale bars: B,F, 100 nm,
dol:10.1371/journal.pone.0002297 9002

L +h

lag between the two genotyy ug the 5 training days
(genotype effect, p=0.08-0.64). Thus, Delphilin ablation aug-
mented the adaptive increase in OKR gain but not the adaptive
decrease in OKR phase lag.

Finally, the motor coordination of the mutant micc was
examined. In the thin rod test, the retention times on a thin
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Table 1. Basal electrical properties of PCs in wild-type and
mutant mice
Properties Wild-type Mutant
Resting potential, mY s 000 -51228)
Action potential
Frequency, Hz 2822 (31) 2621 (32
Amplitude, mV 62=2 (10) 60=2 (8)
Half-height width, ms 08=0.1 (10) 08=0.1 (8)
Threshold, mV ~41206 (10]  =41+1.3(8)
Input resistance, Mi} 294+29 (12) 313245 (10)
mEPSC
Amplitude, pA 113204 (20) 128=0.5 (20
Frequency, Hz 41207 (20) 3.2:03 (20)
Half-height width, ms 129=08 (10) 128207 0}
10-90% rise time, ms 26202 (10) 27+02 (10)
mGluR response
Amplitude, pA 12329 (6) 11349 (6)
Half-height width, ms 7372121 (8) 9892006 (6)
10-90% rise time, ms 171214 (6) 218+29 (6)
Ca™ current at 0 mV, nA 20203 (6) 18202 (6)
Data are expressed as mean=SEM. Numbers in parentheses indicate the
ber of mGluR1 mediated synaptic response was induced by 10
pulses. There were no significant differences between wild-type and mutant
PCs in basal electrical properties (Student’s  test, p=0.1 in all cases) except for
the amplitude of mEPSC (p=0.02).
doi:10.1371/journal. pone.0002297.£001

stationary plexiglass rod for the wild-type and mutant mice were
indistinguishable (ANOVA with repeated measures, genotype
effect, Fy; 20, = 0.002, p=0.96; Fig. 7A). No significant differences
in the retention time were observed on the rotating rod at 25 rpm
berween the two genotypes (genotype effect, F 4= 1.1, p=0.29;
Fig. 7B).

Here, we showed that Delphilin ablation at PF-PC synapses
facilitates L'TD induction at PF synapses and enhances OKR gain-
increase adaptation without affecting any detectable histological
abnormalities. This finding is compatible with the idea that LTD
induction at PF-PC synapses is a crucial rate-limiting step in OKR
gain-increase adaptation, a simple form of motor learning.

Examination of LTD under various stimulation conditions
revealed that Delphilin ablation facilitated LTD induction at PF-
PC synapses. On the other hand, the sawration levels of LTD
amplitude for the wild-type and mutant mice were comparable.
The time courses of LTD development after different numbers of
conditioning conjunctions were also similar in both genotypes,
implying that LTD expression iwself proceeds normally in the
mutant mice. Cumulative studies suggest that GluR52, mGluR,
AMPA receptors and Ca®* are key mediators of LTD induction
[36,37). However, Delphilin ablation appeared to excrt little cffect
on the amount and localization of GluR82 and on the amplitude
and kinetics of mGluR I-mediated slow synaptic responses. There
were no significant differences between the wild-type and mutant
PCs in basal electrical properties and the frequency and ume
course of mEPSCs although the amplitude of mEPSCs and the
amount of AMPA receptors at PF-PC synapses were somewhat
larger in the mutant mice. On the other hand, we observed that
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mutant mice. Representative PF-EPSCs recorded at the times indicated
by numbers are shown on the right. The conditioning stimulation was
applied at 0 min. The amplitude of PF-EPSC was normalized using the
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the reference. B, Time courses of LTD induced by S-conjunction
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Figure 4. mGluR1-mediated synaptic response and effect of
EGTA on LTD. A, mGluR1-mediated synaptic response induced in the
presence of NBQX. PFs were repetitively (50 Hz, 1-20 pulses)
stimulated, Representative traces and amplitudes of responses are
presented. Each number beside traces represents the number of
stimulation pulses. B, Time courses of LTD induced by 10-conjunction
stimulation In PCs loaded with 10 mM EGTA. Representative PF-EPSCs
recorded at the times indicated by numbers are shown on the right. The
conditioning stimulation was applied at 0 min. Data are expressed as
mean=SEM.
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the Ca®* requirement of LTD induction machinery was altered in
the mutant mice, since 10 mM EGTA suppressed LTD strongly in
the wild-type mice but only weakly in the mutant mice. The
decreased dependence on the intracellular Ca** appears o be the
main cause of the facilitation of LTD induction in the mutant
mice.

Delphilin is distributed predominantly in cerebellar PCs and is
localized selectively at PF synapses within PCs [22]. At PF-PC
synapses, Delphilin binds to the carboxyl terminal of GluR$2 that
plays a central role in synaptic plasticity, motor learning and
cerebellar wiring [13,19,39—41]. In contrast to the GluR2 mutant
mice, the Delphilin mutant mice showed no detectable abnormal-
ities in the cerebellar histology or morphology of PF synapses. In
addition, Delphilin ablation exerted little effect on the expression
and synaptic localization of GluR82. Consistently, the truncation
of the PDZ-binding domain at the carboxyl terminal of GluR82
exeried little effect on the synaptic localization of receptor

:@ PLoS ONE | www.plosone.org

proteins, histological features and the fine structures of PF-PC
synapses [21]. On the other hand, Delphilin ablation facilitated
the induction of LTD, whereas LTD was impaired in the mutant
mice carrying carboxyl-terminal truncated GluR82. It is likely that
several domains for protein-protein interactions  differentially
mediate diverse GluR82 functions [19,21,42,43] and multiple
PDZ proteins interacting with the carboxyl terminal of GluR&2,
such as Delphilin, PSD-93, PTPMEG, nPIST and S-SCAM
[22,28,44—46], may positively or negatively regulate LTD by
mediating different downstream signaling. In fact, LTD was
impaired in PTPMEG mutant mice [47]. The facilitation of LTD
at PF-PC synapses in Delphilin mutant mice is reminiscent of the
enhanced long-term potentiation (LTP) at hippocampal CA3-CAl
synapses in PSD-95 and synapse-associated protein 102 (SAP102)
mutant mice [48,49]. Delphilin, PSD-95 and SAP102 share
similarities at the molecular levels-they are PSD proteins
interacting with the carboxyl-terminal of glutamate receptors.
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Figure 7. Motor coordination. A, The stationary horizontal thin rod
test. Wild-type (n=17) and mutant (n=14) male mice were placed on
the stationary horizontal thin rod and the time each mouse remained
on the rod was measured, B, The rotating rod test. Rotarod
performance of wild-type (n=18) and mutant (n=24) male mice,
Retention time on the rotating rod at 25 rpm was measured. Data are
expressed as meanSEM.

doi:10,1371/journal pone 0002297.g007

PSD-95 ablation leads to the enhanced LTP under various stmuli
whereas SAP102 mutant mice show the increase under more
restricted conditions [40-50] Itis pmpmcd t.!m these synaptic
membr iared 4 ﬁmlfplﬂ the
NMDA receptor to distinct rng'nz.lrng pathw:ys [49,51].

Functional impairment by manipulating molecules affecting
plasticity or cellular signaling or both is one approach to clarifying
their roles in motor control and learning [13,52-54]. While the
impairment at any site of the specific neural network may affect its
function, the enhancement of plasticity at a specific site would affect
the network function only if the site is a rate-limiting critical site.
Thus, Delphilin mutant mice should be useful for this plasticity
enhancement approach because Delphilin is selectively localized at
PF-PC synapses and its ablation facilitates LTD induction with litte
effect on the maximal amplitude of LTD expression. OKR
adaptation is accompanied by a change in Purkinje neuron activities
in the cerebellar flocculus [55], and LTD has been implicated in the
OKR adaptation [35,56). Since neurons are embedded in dynamic
networks, some compensatory changes might occur in response to
Delphilin ablation. Despite such possibility, the adaptive increase in
OKR gain was significantly augmented in the Delphilin mutant
mice. Thus, our results suggest the critical and rate-limiting role of
LTD induction at PF-PC synapses in the neural network for OKR
gain-increase adaptation, a simple form of motor learming. On the
other hand, the adaptive decrease of OKR phase lag was unaltered
by the mutation. In motor coordination tests, the performance of
Delphilin mutant mice was also comparable to thart of wild-type mice
under the conditions used. Thus, the motor leaming ahility appears

:@, PLoS ONE | www.plosone.org
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not to be generally facilitated in Delphilin mutant mice, although the
possibility cannot be excluded that the conditions employed may be
inadequate to detect the effect of the LTD modulation. It has been
repeatedly reported that impairment of LTD is associated with
motor learning deficits [13,52-54]. However, there are controversial
results showing that mice with diminished LTD have normal motor
learning [57,58]. Recent studies suggested that not gain-decrease
vestbulo-ocular reflex (VOR) adaptation but gain-increase VOR
adaptation depends on LTD and the dependence of VOR gain-
increase adaptation on LTD differs depending on the frequency of
training sinusoidal rotation [59,60]. [t was also reported that the
ablation of fragile X mental retardation protein in PCs altered spine
morphology and enhanced the maximum amplitude of LTD but
attenuated eyeblink conditioning [61]. Thus, it appears that the
contribution of LTD in diverse forms of motor control and leaming
is complicated. The critical synaptic sites in cercbellar neural
networks may be variable depending on the types of diverse motor
control and leaming. In [act, various cerebellar synapses show
adaptive plasticity [2,36,62-66]. Similar complications may underlic
the fact that the overexpression of NMDA receptor 2B enhances
hippocampal LTP and learning [67], whereas PSD-95 mutant mice
show severe impairments in spatial learning and SAP102 mutant
mice have mild impairments despite of enhanced hippocampal LTP
[48,49). Further analyses will be required to clarify the issue.

The wealth of knowledge of the neural circuits makes the
cerebellum an ideal system for studying the molecular and cellular
mechanism of brain functions. Various cerebellar synapses show
multiple forms of synaptic plasticity [2,36,62-66] and may play
differential roles in diverse motor control and learning. As
exemplified in this study, enhancing synaptic plasticity at a specific
synaptic site of a neural network is a useful approach to
understanding the roles of multiple plastcity mechanisms ar
various cercbellar synapses in motor control and learming.

Supporting Information

Figure §1 Anatomical analysis in the flocculus and parafloccu-
lus. A,B, Hematoxylin staining of coronal cerebellar sections from
wild-type (A) and mutant (B) mice. Co, cochlear nucleus; Fl,
flocculus; PF, paraflocculus. C=F, Double immunofluorescence
for calbindin (green) and VGT?2 (red) in the flocculus (C,D) and
paraflocculus (E,F) of wild-type (C,E) and mutant (D,F) mice.
Asterisks indicate the cell body of PCs. ML, molecular layer. G-],
Electron micrographs of the cerebellar molecular layer of the
flocculus (G,H) and paraflocculus (I]) of wild-type (G,I) and
mutant (H,]) mice. s, PC spine in contact with PF terminals. Scale
bars: A, 500 pm; C, 20 pm; G, 500 nm.

Found at: doi:10.1371/journal.pone.0002297 5001 (9.87 MB TIF)
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Anti-aquaporin 4 antibody test in a large series of Japanese
optic-spinal multiple sclerosis and neuromyelitis optica

K Tanaka, °T Tani, M Tanaka, ‘M Nishizawa, *K Sakimura, 'M Matsui

!Kanazawa Medical University, Ishikawa; *Nishi-Niigata Chuo National Hospital; *Utano National
Hosp, Kyoto; *Brain Research Institute, Niigata University, Niigata, Japan

Anti-aquaporin 4 antibody (AQP4-Ab) is detected specifically with high sensitivity in optic-spinal form
of multiple sclerosis (OSMS)/neuromyelitis optica (NMO). We established the immunofiuorescence
detection system of NMO-IgG and AQP4 antibody (AQP4-Ab) using human AQP4 cDNA-transfected
HEK 293 cells and examined NMO-IgG/AQP4-Ab in a large series of Japanese OSMS/NMO patients
since 2006.

As for NMO-IgG detection, we used cryostat sections from rat cerebrum and cerebellum with
indirect immunofluorescence detection system. For AQP4-Ab detection, we cloned human AQP4-
¢DNA from human brain total RNA. The cDNA was then inserted into expression vector, and HEK
293 cells were transfected with this vector. The cells were then fixed with 4% paraformaldchyde/PBS,
incubated with the patients’ sear or CSF, and finally with FITC-conjugated anti-human IgG.

We tested AQP4-Ab in 2,076 samples with Japanese OSMS/NMO patients and found 569 AQP4-Ab
positive cases. Among them, 450 of AQP4-Ab positive sera/CSF were from women (79.1%). AQP4-Ab
positive group showed higher age of onset, higher percentages of blind or bed-ridden patients, higher
EDSS scores; 75% of them showed long spinal cord lesions of more than three vertebrate segments
on spinal MRI (Table 1).

Those with AQP4-Ab negative contained heterogeneous group of patients, so we compared the
clinical features between AQP4-Ab positive or negative group among those with long spinal cord
lesions.

Higher percentage of AQP-Ab positive patients with long spinal cord lesions were associated

with Sjogren syndrome and frequently detected autoantibodies such as ANA or S5-A and SS-B. Our
study with large series confirmed the characteristic features of AQP4-Ab positive group with strong

Table 1: Clinical features in AQP4-Ab (+) optic-spinal multiple sclerosis/neuromyelitis optica patients

Study parameter AQP4-AD (+)
Number (men/women) 569 (119/450)
(women: 79.1%)
Age at onset in years 4722163
Relapsing remitting/secondary progressive/primary progressive in percent 75.8/8.1/1.3
EDSS score 6.212.1
Wheel chair bound/bed ridden 85/138 (38.1%)
Severe visual loss (blind) 99/116 (46.0%)
First lesion (Optic nerve/spinal cord/brainstem/cerebrum) in percent 43.9/41.0/8.1/7.0
MRI (cerebrum/cerebellum/brainstem) in percent 35.9/4.8/22.3
MRI long cord lesion (+/=) in percent 74.117.6
Oligoclonal band (+)/MBP (+) in percent 104/57.4
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co-relations to female preponderance, higher age at onset, long spinal cord lesions, severe optic and
spinal symptoms and other autoimmune diseases.

However, certain amount of overlap was seen between AQP4-Ab positive and negative patients.
It is not yet clear that AQP4-Ab is the essential pathognomonic factor or diagnostic marker, but the
certain clinical features seen in the AQP4-Ab positive cases are clearly differed from classic MS.
Those with AQP4-Ab negative group might be heterogeneous with those having low titer AQP4-Ab
which could not be detected by the present assay system.

To clarify the significance of AQP4-Ab, we need to show the direct role of AQP4-Ab for NMO.
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Abstract

Focusing on CD4'CD25" mguhorylemphocmﬂ“mewdemmafTwﬁmhmdmwummwhm
lymphocytes of patients with parancoplastic neurological synd (PNS), i g Lamberi—Eaton myasthenic syndrome (LEMS) with small
cell lung carcinoma (SCLC) and anti-Hu- or anti-Yo-antibody-positive PNS. Tm-mhtuhmmmted&wﬂmpamn peripheral blood
mononuclear cells, and the mRNA expression levels of their functional genes were The levels of FOXP3, TGF-p and
mAdm.RNAmT,.,-r:hmhwmofPNSpauumwmdown—mguhudwmpnudwﬂhthﬂofSCbCpmeuﬂwﬂhoulPNS These results

suggest that T, dysfunction plays a role in PNS development.
OMMB.“AH&WWO&

Earasands: Innt: PRI
= i 4

; CD4+CD25+ regulmtory T cell; FOXP3

1. Introduction

Paraneoplastic neurological syndromes (PNS) are thought to be
a result of immunological mechanisms, in that, the mechanisms of
cancer immunity and autoimmunity in neuronal tissues are both
clicited in PNS. Because tumors are often too small to be detected
with a conventional screening system, antitumor immunity might
be accelerated at least in the early stage of PNS. Furthermore, PNS
develops in a small population of patients with similar tumor
pathologies, suggesting that PNS patients have special immuno-
logical backgrounds for tuning up immunity to tumors and
autoimmunity in nervous tissues. However, these backgrounds
have not been analyzed extensively in PNS. Therefore, we studied
the immunological background of PNS. We focused on the
immunoregulatory system, since regulatory system dysfunction
might lead to the deterioration of immunotolerance that accelerates

In the immunoregulatory system, CD4"CD25" regulatory T
cella(T_)playhrpamtmh.Thdrmtugmeisdnﬁxﬂmd/
winged-helix family transcription factor gene Foxp3 (Brunkow et
al, 2001; Khattn et al., 2001; Fontenot et al., 2003), whereas the
target gene of immune dysregulation polyendocrinopathy, entero-

* Corresponding author. TeL: +81 25 227 0666; fax: +81 25 223 6646,
E-mail addrexs: urg45389@nifty.com (K. Tanaks),

0165-5728/S - see front matter © 2008 Elsevier B.V, All rights reserved.
doi: 10,101 64 jneuroim.2008.03.002

pathy, X-linked syndrome (IPEX) is the human ortholog FOXP3.
Ty SUppresses immunoreaction, and its dysfunction causes immu-
notolerance breakdown and organ-specific autoimmune diseases.
Cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) on Tey
interacts with members of the B7 family on antigen-presenting cells
and suppresses effector T lymphocyte functions in different ways
(Wing et al., 2006; Sansom and Walker, 2006). Effector T cell
activation is inhibited by transforming growth factor-p (TGF-f3)
induced by CTLA-4, The glucocorticoid-induced tumor-necrosis
factor receptor family-related molecule (GITR) is also an important
functional molecule in T (Esparza and Arch, 2006).

In this study, we analyzed the mRNA expression of Ty
functional molecules in a T,.g-rich subset in the peripheral blood
of PNS patients to determine whether the immunoregulatory
system is compromised in PNS, and found that the expressions
of FOXP3, TGF-£ and CTLA-4 mRNAs are suppressed in PNS
patients compared with those in cancer patients without PNS.

2, Materials and methods
2.1. Patients
We analyzed peripheral blood samples from three anti-Hu-

antibody-positive PNS patients (Hu group; a man with striatal
encephalitis, a man with ataxic sensory neuropathy and a
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Fig. 1. A Tpg-rich subset is shown in the cytogram (Y-axis, CD25; Faxis,
CD62L; gated on lymphocytes and CD4-positive). To decline the contamination
of CD4-positive T cells having different character, highest 3% of total CD4-
positive lymphocytes were sorted.

woman with ataxic sensory neuropathy with SCLC; mean age,
6347, their sera or CSF were examined by westem blot using
recombinant Hu antigen proteins and revealed to be positive for
the anti-Hu-antibody), two anti-Yo-antibody-positive PNS
patients (Yo group; an 81-year-old woman with subacutely-
evolved cercbellar ataxia and breast carcinoma and a 50-year-
old woman with progressive cerebellar ataxia being bed-ridden
within two weeks and found ovarian cancer six months later,
their sera and CSF were examined by westemn blot using re-
combinant Yo antigen proteins and revealed to be positive for
anti-Yo-antibody), and five Lambert—Eaton myasthenic syn-
drome (LEMS) patients (the diagnosis were made by their
clinical and electrodiagnostic features and the presence of the
anti-voltage-gated-calcium-channel (VGCC) antibody) with
SCLC (three men and two women; mean age 68+13) (LEMS
group). As for controls, four SCLC patients without neurolo-
gical diseases (PNS (—) SCLC group; two men and two women;
mean age, 67+9, negative for anti-Huw/Yo/VGCC antibodies)
and four healthy people (HC group; two men and two women;
mean age, 3849, without anti-HwYo/VGCC antibodies) were
also examined.

The diagnosis of SCLC was confirmed cytologically or
histologically in each patient. All of them were in the limited
stage without remote metastasis. All of the samples tested were
obtained before anti-cancer therapy or immunomodulation
therapy.

2.2. Monoclonal antibodies

The monoclonal antibodies fluorescein isothiocyanate (FITC)-
conjugated anti-human CD4 (Sigma-Aldrich, Inc.), allophyco-
cyanin (APC)-conjugated anti-CD25, and phycoerythrin (PE)-
conjugated anti-CD62L (BD Biosciences Pharmingen) antibodies
were used. The concentrations of these antibodies were in ac-
cordance with the manufacturer's instructions when labeling the
PBMC samples.

2.3. Cell sorting

Peripheral blood mononuclear cells (PBMCs) were obtained
from heparinized venous blood by the Ficoll-Paque density
gradient method, and FITC-anti-CD4, APC-anti-CD25 and PE-
anti-CD62L antibodies were added to the PBMCs; the resulting
mixture was incubated on ice for 45 min. They were then
washed once with phosphate-buffered saline and analyzed on a
FACS Aria cell sorter (BD Biosciences) using FACSDiva
software. Approximately 10,000 CD4*CD25"#*CD62L"#" lym-
phocytes were sorted (Fig. 1).

2.4. RNA extraction and PCR analysis

Total RNA was extracted from the sorted CD4*CD25"#"
CD62L™" cells with an RNeasy Mini kit (QIAGEN) and
reverse-transcribed using a QuantiTect Reverse Transcription
kit (QIAGEN) in accordance with the manufacturer's instruc-
tions. Validated primer-probe sets and QuantiTect Probe kits
used in the real-time polymerase chain reaction (PCR) for
detecting FOXP3, TGF-p1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expressions, and validated
primer sets and QuantiTect SYBR Green kits for detecting
CTLA-4, GITR and GAPDH mRNA expressions were
purchased from QIAGEN. Real-time PCR reactions of each
gene were analyzed in triplicate with an ABI PRISM 7900
sequence detector (Applied Biosystems), cDNA concentration
was calculated using a standard curve and revised with GAPDH
cDNA concentration. The standard ¢cDNA solution was pre-
pared from 1% 10® PBMCs as described above.

Statistical comparisons between groups were performed using
the Wilcoxon rank sum test.

3. Results

We analyzed the mRNA expressions of FOXP3, TGF-#1,
CTLA-4 and GITR to estimate the function of Ty in Tyeg-rich

Table 1
Comparison of mRNA of Treg functional molecules b study groups
Group Number Sex Age mRNA expression

M/F) (momn:£5D) FOXP3 TGF-B1 CTLA-4 GITR
Healthy control 4 2 3819 110.14802 0714032 3.53£028 1.7420.56
PNS(-) SCLC d m 679 1937+ 102.0 0.99+0.32 5.55x1.61 2.67x0.65
LEMS 5 2 68x13 52.5+42.1" 0.,66+0.37 1.83£1.70* 1.99+1.49
HuwYo 5 273 6412 440x28.5* 045=009* 2254246 1684115

* p<0.05 compare with PNS(=) SCLC group.

- 400 -



168 T. Tani et al. / Journal of Neuroimmunology 196 (2008) 166-169

FOXP3 TGF-betal CTLA-4
400 r o . 16 r ” o r
P P=aalr
kor * 14 B .
wer Ll i * i L]
20 - 1t 4
200 * 08 * *
4
150 os | $
a b
100 4 04 F z
* 2F
50+ % i 02 r * 1
0 0 :
OSSP & O AP 9 O AP C
S o & $
S S S
Fig. 2. Relative expressions of functional genes i Tey-rich subsets of peripheral blood lymphocytes. The graphs show the mRNA relative expression ratios of the
described genes (FOXP3, TGF-p] and CTLA-4) compared with the mRNA expression ratio of total PBMCs. LEMS; patients with Lambert-Eaton myasthen
syndrome, H/Yo; patients with anti-Hu- or anti-Yo-antibody-positive PNS, SCLC; SCLC patients without neurological symptoms, HC; bealthy controks.

CD4*CD25"#CD62L"#" subsets. The relative expression ratios
compared with that of a standard cDNA solution are shown
(Table 1, Fig. 2). The FOXP3 expression level of the LEMS group
was less than that of the PNS (=) SCLC group (mean+8D 52.5%
42.1 vs 193.7+102; P=0.034); that of the Hu/Yo group was also
Jess than that of the PNS (—) SCLC group (44.0428.5 vs 193.7+
102.0; P=0.02). The TGF-31 expression level of the Hu/Yo
group was less than that of the PNS (-) SCLC group (0.45£0.09
vs 0.99+032; P=0.02). The CTLA4 expression level of the
l.ENBmmhadmlhﬂofﬂnPNS(*)SCngxwp{l.ﬂi
1.70 vs 5.5541.61; P=0.037). The GITR expression level of the
four groups did not significantly differ.

4, Discussion

For the pathogenesis of PNS, it is speculated that an antigen
expressed on a tumor elicits immunity against tumors which
immune reactions in nervous tissues. However, PNS develops
in very few patients suggesting that some predisposing factors
exist in PNS patients. In this study, we hypothesized that im-
munoregulatory system dysfunction causes a dysregulated im-
munological reaction to tumors and nervous tissues in PNS
patients. To fest this hypothesis, we examined the FOXP3,
TGF-p1 and CTLA-4 mRNA expression, the functional mo-
lecules in Tyeg-rich subsets in PBMCs from PNS patients, and
found that the expression is predominantly depressed in the
LEMS and Hw/Yo groups.

The LEMS and HwYo groups were each divided into
separate groups, because LEMS is thought to be an antibody-
mediated disease, since VGCC-antibody-containing patient
serum IgG could block an excitation-transmission coupling at
the neuromuscular junction (Lang et al., 1981), whereas anti-Hu
or anti-Yo-positive PNS is thought to be a cytotoxic-T-cell-

mediated disease, since oligoclonal cytotoxic T cells are located
around the lesions and can recognize and kill neurons (Albert
et al., 1998; Tanaka et al., 1999; Neumann et al., 2002; Dalmau
and Bataller, 2006). There has not been established an animal
model to prove the pathomechanisms via T cell-mediated auto-
immunity in the PNS with anti-Yo or anti-Hu antibody, how-
ever, these antibodies could not elicite the neuronal damage
suggested having different mechanisms with those antibody-
mediated PNS like LEMS.

We used CD62L a5 a Tyeg surface marker, because CD4”
CD25*CD62L"#" population had important roles in immunor-
egulation, shown in an examination about developing diabetes
in non-obase-diabetic(NOD) mouse, which is a model for type 1
diabetes. Natural CD4"CD25" Ty, cells have been defined
based on a CD62L"®" surface phenotype and expression of
markers, such as CTLA-4, GITR. CD4"CD62L"#" T cells that
w:r:pmpmdﬂ'ommelhymusouplomofyomsNODmicc
block diabetes in adoptive transfer experiments (Szanya et al.,
2002; Shannon et al., 2005). Naive T cells that gained the
regulatory functional master gene Foxp3 are considered to have
a naturally occurring T, phenotype and express CTLA-4,
GITR and CD103 (Hori et al., 2003). Thus, Faxp3 expression
affects the expressions of the genes encoding these finctional
molecules.

We compared the FOXP3 expmssionushsﬂow:&mctn
that showed higher in CD62L"*" group than CD62L™™ (data
not shown), so CD62L"#" population was selected for the quan-
titation of mRNA expression of functional molecules which we
thought more specific population for T, function.

A decrease in the T, population and an alteration in the Treg
function have been reported in other organ-specific autoimmune
diseases (Viglictta et al., 2004; Crispin et al., 2003; Liu et al,,
2004; Takahashi et al., 2006). Thus, the T, function is often
suppressed and the population frequency is often reduced in
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autoimmune diseases. T, is expected to apply in autoimmune
disease therapy because tissue-specific T, suppresses auto-
reactive T cells and can prevent autoimmune diseases (Fisson
et al., 2006). Conversely, in cancer patients, the T, population
tends to increase in peripheral blood, ascites, pleural effusion
and lesion tissues (Yang et al., 2006; Cesana et al., 2006;
Baecher-Allan and Anderson, 2006). The Ty population
increase in and around cancer tissues might be followed by
the down-regulation of antitumor immunity, thereby contribut-
ing to cancer growth (Jamnicki et al., 2006). Our data showing
upregulation of some of the T..;-related molecules in those with
SCLC without PNS might be relevant to this hypothesis. How-
ever, there have been no reports on a regulatory system eva-
luations in PNS so far. This is the first report showing a
dysfunction in the immunoregulatory system in PNS.

In this analysis, we divided the PNS patients into two groups,
namely, the LEMS and Hu/Yo groups. Anti-VGCC antibodies
in the LEMS patients are thought to cause the functional im-
pairment of the transmission of neuromuscular junctions where-
as the sera containing anti-Yo or anti-Hu antibody from the PNS
patients could not elicit the neuronal damage suggested having
different mechanisms with those antibody-mediated PNS as
LEMS. Thus, the pathogeneses of the disorders in both groups
might be different, but both disorders also share the similar
features: a hyperimmune state producing antibodies or T cells
that attack certain nervous tissues. As we showed in this study,
Tieg functional gene expression level was reduced in both groups,
supporting our hypothesis of an immunoregulatory system dys-
function in PNS.

In summary, to clarify the pathogenesis of PNS at the point
of immunoregulatory system abnormalities, we analyzed the
functional gene expression of Ty.-rich subsets, and found low
gene expression level of these molecules in PNS patients.

References

Albert, M., D-mH.JC..Bm,A.,FMLM MN Dumil.R.B
1998, Tumor-specific killer cells in p

Dalmau, )., Bataller, L., 2006. Clinical and immunological diversity of limbic
encephalitis: a mode! for parancoplastic neurologic disorders. Hematol.
Oncol. Clin. North. Am. 20, 1319-1335,

Esparza, E.M., Arch, R.H., 2006. Signaling iggered by gh i h
nmmwmﬁnﬂrwhudw mllnouuﬂmmwﬁce

between regulatory T cells and immune effector cells. Front. Biosci. 11,
14481465,

Fisson, S., Djelti, F., Trenado, A., Billiard, F., Liblau, R., Klatzmann, D., Coben,
JL., Salomon, B.L., 2006. Thuqnumpomudofdfmwrﬁc
CD4+CD25+ regulatory T cells selected in vitro from a polyclonal rep
Eur. J. Immunol. 36, 817-827.

Fontenot, J.D., Gavin, M.A., Rudensky, AY., 2003, Foxp3 programs the deve-
lopment and fimction of CD4+CD25+ regulatory T cells, Nat. Immunol. 4,
330-336.

Hori, 8., Nomura, T., Sakaguchi, §., 2003. Control of regulatory T cell deve-
lopment by the transcription factor Faxp3. Science 299, 1057-1061.

Jamicki, A.G., Lysaght, J., Todryk, 8., Mills, KH.G., 2006. Suppression of
antitwmor immunity by [L-10 and TGF-g-producing T cells infiltmting the
growing tumor: influence of tumor environment on the induction of CD4”and
CD§" regulatory T cells. J. Immunol. 177, 896-904.

Khanri, R., Kasprowicz, D., Cox, T., Mortrud, M., Appleby, M.W,, Brunkow,
M.E., Ziegler, SF,, Ramsdell, F, 2001. The amount of scurfin protein
determines peripheral T cell number and responsiveness. J. Immunol. 167,
6312-6320.

Lang, B., Newsom-Davis, J., Wray, D., Vincent, A., Murmy, N, 1981
Autoimmune aetiology for myasthenic (Eaton—Lambert) syndrome. Lancet
2 (B240), 224-226.

Liu, M.F, Wang, C.R., Fung, LL, Wu, CR., 2004. Decreased CD4+CD25+
T cells in peripheral blood of patients with systemic lupus erythematosus.
Scand. J. Immunol. 59, 198-202,

NmH Medana, LS., Baier, J., Lassmann, H., m&rlobu(ulem—

in autoi and deg ive CNS di Trends. N i
?S.!ll—!l?. A
Sansom, D.M., Walker, L.S.K., 2006. The role of CD28 and cytotoxic T-
antigen4 (CTLA-4) in regulatory T-cell biclogy. Immunol.
Rev, 212, 131-148.

Shannon, M.P., Carmen, P.W., Donpa, A.C., Stephen, H.C., Roland, T., 2005,
Single cell analysis shows decreasing FoxP3 and TGFR! coexpressing
CD4'CD25" regulatory T cells during autoimmune diabetes. J. Exp. Med.
201, 13331346,

Szanya, V., Ermann, J., Taylor, C., Holness, C., Fathman, C.G., 2002. The
mormmmmmma

dectin and high levels of CCR7. J. Immunol. 169,

2461-2465.

Nat Med. 11, 1321-1324.

Baecher-Allan, C., Anderson, D.E., 2006, Immune regulation in tumor-bearing
hosts. Curr. Opin. Immunol. 18, 214-219.

Brunkow, M.E., Jeffery, E.W., Hiemild, K.A., Paeper, B., Clark, L.B., Yasayko, S.-A.,
Wilkinson, J.E., Galas, D, Ziegler, S.F., Ramsdell, F., 2001. Disruption of a new
fiorkhead/winged-helix protein, scurfin, results in the fatal ymphoproliferative
disonder of the scurfy mouse. Nat. Genet. 27, 68-73.

Cesana, G.C., DeRaffele, G.,, Cohen, S., Moroziewicz, D., Mitcham, J.,
Swutenburg, J., Cheung, K., Hesdorffer, C., Kim-Schulze, S., Kaufman, H.L.,
2006, Characterization of CD4"CD25” regulatory T cells in p treated
with high-dose interieukin-2 for metastatic melanoma or renal cell carcinoma.
1. Clin. Oncol. 24, 1169-1177.

Crispin, J.C., Martinez, A., Alcocer-Varela, 1., 2003. Quantification of regulatory
T cells in patients with systemic lupus erythematosus. J. Autoimmun. 21,
273-276.

Takshashi, M., Nakamura, K., Hoods, K., Kitamura, Y., Mizutani, T., Amki, Y.,
Kabemura, T., Chijiiwa, Y., Harada, N., Nawam, H., 2006. An inverse
correlation of human peripheral blood regulatory T cell frequency with the
disease activity of ulcerative colitis. Dig. Dis. Sci. 51, 677-686.

Tanaka, K., Tanaka, M., Inuzuka, T., Nakano, R., Tsuji, S., 1999. Cytotoxic T
Iymphocyte-mediated cell death in pamneoplastic sensory neuronopathy
with anti-Hu antibody. J. Neurol. Sci. 163, 159-162.

Vighietta, V., Baecher-Allan, C., Weiner, H.L., Hafler, D.A., 2004. Loss of
functional suppression by CD4*CD25" regulatory T cells in patients with
multiple sclerosis. J. Exp. Med. 199, 971-979.

Wing, K., Febérviri, Z., Sakaguchi, 5., 2006. Emerging in the
development and function of regulatory T cells. Int. | L 18,991-1000.

Yang, X.H., Yamagiwa, S., Ichida, T., Matsuda, Y., Sugahara, S., Watanabe,
H., Sato, Y., Abo, T., Horwitz, D.A., Aoyagi, Y., 2006. Increase of
CD4DCD25D regulatory T-cells in the liver of patients with hepatocellular
carcinoma. J. Hepatol. 45, 254-262,

402 -



European Journal of Neuralogy 2008, 15: 1075-1079 doi: 10.1111/].1468-1331.2008.02249.x

Epidemiological study of acute encephalitis in Tottori Prefecture, Japan

K. Wada-lsoe®, M. Kusumi®®, T. Kai®, E. Awakic, M. Shimoda®, H. Yano®, K. Suzuki',

H. Nakayasu', K. Oota®, H. Kowa® and K. Nakashima®

*Department of Neurology, Faculty of Medicine, Institute of Neurological Sciences, Tottori University; ®Department of Neurology.
San-in Resai Hospital, Yonago; “Department of Neurology, Saiseikai Sakaimi General Hospital, Sakaiminato, Japan; ® Department
of Neurology, Nojima Hospital, Kurayoshi, Japan: *Department of Neurology, Tottori Municipal Hospital; ' Department of Neurology,
Tottori Prefectural Central Hospital; and ®Department of Neurology, Tottori Red Cross Hospital, Tottori, Japan

Keywords: Background and purpose: To conduct an epidemiological survey of acute encephalitis
acute focusing on non-herpetic acute limbic encephalitis (NHALE) in Tottori Prefecture,
encephalitis, western area of Japan. Methods: A questionnaire survey on the annual number of

patients aged 16 years or more with acute encephalitis from 2001 to 2005 was
undertaken in 2006. Resuits: During the study period, 49 patients were diagnosed
with acute encephalitis. The subtype of acute encephalitis was as follows: 10 patients
with herpes simplex encephalitis (HSE), 12 patients with NHALE, 4 patients with
paraneoplastic encephalitis, 2 patients with encephalitis associated with collagen dis-
ease, one patient with viral encephalitis other than HSE, 20 patients with encephalitis
with unknown causes. The service-based incidence rate of acute encephalitis was 19.0
per million person-years. The incidence rate of NHALE subtype was 4.7 per million
person-years. Conclusions: Our epidemiological survey indicated an estimated 550
patients would develop NHALE per year in Japan, suggesting that NHALE may not
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be a rare disorder.

Introduction

Few epidemiological surveys have been conducted
concerning acute encephalitis in Japan [1-3]. The
nationwide epidemiological survey of encephalitis con-
ducted by Kamei and Takasu [3] indicated an annual
prevalence of encephalitis to be 17.7 per million popu-
lation. Recent Japanese surveys identified non-herpetic
acute limbic encephalitis (NHALE) as a new subgroup
of limbic encephalitis with the spectrum that excludes
herpes simplex encephalitis (HSE) and paraneoplastic
limbic encephalitis [4,5]. However, none of the previous
epidemiological studies paid attention to NHALE and
the incidence rate of this disorder remains unclear.
Here, we report a questionnaire survey of acute
encephalitis focusing on NHALE undertaken in Tottori
Prefecture in Japan.

Materials and methods

We performed a retrospective surveillance of patients
with acute encephalitis in Tottori Prefecture using a
questionnaire survey. Tottori Prefecture is located in 2
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rural area of western Japan (Fig. 1); it had a population
of 607271 (290059 men and 317212 women) in 2005,

In 2006, we sent inquiries with registration criteria for
each category of acute encephalitis to the departments
of neurology of the 11 hospitals in Tottori Prefecture
that accept patients with neurological emergencies. We
asked if they had admitted any patient with acute
encephalitis in an adult (216 years of age) patient dur-
ing the 5 years from 2001 to 2005. The questionnaire
enquired about type of acute encephalitis, sex and age
of patient and presentation on day of onset.

The acute encephalitis group included patients with
combined abnormal cerebrospinal fluid (CSF), EEG
and/or neuroimaging (CT or MRI) findings with clini-
cal signs and symptoms of acute (<4 weeks duration)
CNS involvement, that is, lowered level of conscious-
ness, altered personality, epileptic seizures or focal
neurological signs in the absence of evidence of vascu-
lar, malignant, metabolic, psychiatric, demyelinating,
toxic or traumatic aetiology. Defined microbiological
tests included PCR tests on CSF samples and antibody
analysis of serum and CSF for herpes simplex virus and
other viruses, Diagnosis of NHALE in these patients
with acute encephalitis was made according to the flow
chart shown in Fig. 2. Briefly, NHALE was diagnosed
in patients who showed the presence of MRI
abnormalities in the limbic system and/or the presence
of clinical symptoms and signs that indicated
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Figure 1 Location of the surveyed hospitals in Tottori Prefecture.
Totton Prefecture is located m western Japan. The eleven marked
hospitals (circles) were included in our survey.

abnormalities of the limbic system, and who did not
have any proven viral infection, cancer or autoimmune
disorders such as systemic lupus erythematosus and
autoimmune connective tissue disorders. We excluded
patients with CNS infections of bacterial (including
tuberculosis) and fungal origin from analysis. All pa-
tients were assessed by at least one Japanese Neuro-
logical Society board-certified neurologist and all
information collected in our survey was based on offi-
cial records from each patient.

The recovery rate of questionnaires was 11 of 11
departments (100%). Responses from all departments
were reviewed at the Department of Neurology, Tottori
University. Incidence rates per million person-years of
acute encephalitis were calculated using the actual
number of patients listed in the returned gquestionnaires.
This study was planned and conducted in accordance

with the Declaration of Helsinki. The Ethics Committee
of Tottori University Faculty of Medicine approved the
study prior to its implementation.

Results

Incidence of acute encephalitis

A total of 49 patients (30 male patients, 19 female pa-
tients) with acute encephalitis were reported during the
5 years (Table 1). Based on these results, the incidence
rate of acute encephalitis was calculated to be 19.0 per
million person-years (95% CI = 14.4-25.1). The
number and the incidence rate were highest among men
in their seventies, whilst for women the incidence was
highest among women in their twenties.

Subtypes of acute encephalitis

The subtypes of the 49 patients with acute encephalitis
are shown in Fig, 3. The subtype of acute encephalitis
was as follows: 10 patients with HSE, 12 patients with
NHALE, 4 patients with paraneoplastic encephalitis, 2
patients with encephalitis associated with collagen dis-
ease, one case of viral encephalitis other than HSE and
20 patients with encephalitis with unknown causes.

Clinical features of NHALE patients in Tottori
Prefecture

Twelve patients (five male patients and seven female
patients) were reported as NHALE in this survey. The
average onset age of NHALE patients in men was
448 + 10.8 years and in women was 31.6 = B.3 years.
Trends of incidence of NHALE by vear or by month
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Table 1 Incid of acute phalitis pati from 2001 to 2003
Male + Female  Male Female
Incidence Incidence Incidence
Age (years) n rite n rale n rate
216 (total) 49 19.0 30 247 19 140
16-19 2 13.4 0 - 2 37
20-29 10 29.6 5 1o 5 2
30-39 8 226 6 34l 2 Ua
40-49 9 23.2 4 207 5 257
50-59 5 11.1 5 220 0 -
60-69 4 10.9 1 59 3 153
70-79 2 26.8 8 3567 | 5.1
280 2 10.5 1 176 I 74

Incidence rate per million person-years.

1 cases
(20.4%)

1 canes [4.17%)

Figure 3 Subtypes of acute encephalitis. Number and per 2
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Figure 4 The number of non-herpetic acute limbic encephalitis

(NHALE) patients by year or month. (a) At least one NHALE
patient appeared per year in this area. (b) NHALE patients did
not appear in the winter seasons in this area.

Table 2 Incidence of non-herpetic acute limbic encephalitis patients
from 2001 to 2005

of subtypes of acute encephalitis are shown.

are shown in Fig. 4. In this area, at least one NHALE
patient appeared every year. There were no patients
who developed NHALE during the winter season from
November to February. The incidence of NHALE
patients is shown in Table 2. The incidence rate of adult
patients with NHALE was calculated to be 4.7
(95%CI = 2.6-7.6) per million person-years. Examin-
ing l0-year groups, the highest incidence rate of
NHALE patients was in 20-year-old females (24.2 per
million person-years).

On the other hand, our survey identified 10 patients
(five male and five female patients) with HSE. The
incidence rate of adult patients with HSE was calcu-
lated to be 3.9 per million person-years (95%CI = 2.1-
7.1). The average onmset age of HSE patients was
54.1 £ 22.1 years. The incidence of NHALE patients
was the same as that of HSE patients, but the average
onset age of NHALE patients was lower than that
of HSE patients. Finally, based on our results,
around 550 new NHALE patients would appear every
year in Japan.

© 2008 The Author(s)

Male +
Female Male Female
Incidence Incidence Incidence

Age (vears) n rate n  rate n rate
216 (lotal) 12 47 5 41 T 5.1
20-29 4 11.8 0 = 4 242
30-39 3 8.5 2 114 1 . |
4049 2 78 1 2 <} 10.3
50-59 2 44 2 88 0 -

Incidence rate per million person-years.

Discussion

In recent years, acute encephalitis of unknown aetiology
that predominantly affects the limbic system has been
increasingly recognized in Japan. Whilst reports of
NHALE have rapidly increased in Japan, the incidence
of patients with NHALE has not been examined. We
conducted a questionnaire survey of acute encephalitis
focusing on NHALE. It is difficult to estimate the inci-
dence of acute encephalitis, because the diagnosis of
encephalitis requires serial and extensive examination of
the pathogens. To estimate the actual number of acute
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