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2.5. Mice Treated with Memantine and AMPA Were Unable to Walk Smoothly

GRID2 deficiency results in dysregulation of AMPA receptors [34,35]. To examine whether impaired
AMPA receptor functions affected memantine susceptibility, mice were treated with memantine
simultaneously with the AMPA receptor agonist AMPA or the antagonist DNQX [36], and the
movements of these mice were monitored (Figure SA). The mice treated with AMPA (20 mg/kg) walked
slowly and sometimes crouched on the floor. However, mice treated with both memantine (10 mg/kg)
and AMPA had increased activity and did not stop walking. In addition to these abnormal behaviors, the
mice walked with a mild staggering gait and sometimes slipped (roll-over: Figure 5B, Supplementary
Movie 4). These combined effects of memantine on mouse behavior were not observed when memantine
was administered with DNQX (10 mg/kg), although the mice treated with DNQX were also sometimes
crouched. Moreover, in the Grid2Hetiake mice, co-treatment with AMPA and a low dose of memantine
(5 mg/kg) caused more evident balance impairment than memantine treatment alone (Supplementary
Figure S3), suggesting that GRID2 deficiency may augment the synergistic action of AMPA and
memantine. The effect of AMPA co-treatment could not be evaluated with a higher dose of memantine
(10 mg/kg) because the maximal effect was induced by this dose of memantine.

Figure 5. Effect of AMPA receptor modulators on memantine action in WT mice.
(A) Monitoring of walking mice (12-week-old WT male, n = 6) after memantine treatment
(10 mg/kg) combined with AMPA (20 mg/kg) or the AMPA receptor antagonist DNQX
(10 mg/kg). Ten minutes after the treatments, the walking distance for 5 min was expressed
as the mean and SD, * p < 0.05 vs. the other conditions (unpaired /-test; p < 0.0001 for overall
differences, one-way ANOVA); (B) Number of rollovers in 5 min was counted.
NO indicates that rollover was not observed. n = 6 for Control and AMPA + memantine and
n = 3 for the other conditions. The occurrence of rollover was significantly different between
AMPA + memantine and the other conditions (p < 0.05, Fisher’s exact test); (C) OKRs
measured in female WT mice with sequential injections of the control saline, AMPA
(10 mg/kg), or DNQX (5 mg/kg) and memantine (5 mg/kg). A set of traces indicates
representative responses of individual mice. Dotted line, the movement of the stimulus
screen; (D) Graph shows the mean and +SD of OKR gain (n = 3 for each condition). p value
(without a bracket, one-tailed unpaired #-test; with brackets, paired 7-test) is indicated when
significance was observed.
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Figure 5. Cont.

C Saline Memantine (5mg/kg)
AMPA (10mgl/kg) |
DNQX (5mglkg) OKR
measurement 5 °
10 min 1s
Saline AMPA DNQX

w i
'y
Screen

"

Saline + -

=%/ DNQX +
Memantine X‘i AMPA +

Memantine

D P =0.012

p=0.021
(o = 0,026) !
S

09,
08 {p = 0.0016)
0.7
£ o8
o
D 05
o
x {,}44
O o3
02
0.1

“ Sééé% ﬁP“ B ?‘5” )
4@3mantine Memantine %mantine

Finally, the OKR was monitored after co-treatment with memantine and AMPA or DNQX
(Figure 5C). Mice were first treated with AMPA, DNQX, or saline, and the OKR was subsequently
monitored for 5 min (because some mice closed their eyes after treatment with higher doses, AMPA
(10 mg/kg) and DNQX (5 m/kg) were used for OKR measurement). To evaluate synergies between
memantine and AMPA receptor modulators, the mice were further treated with a low dose of memantine
(5§ mg/kg), and again subjected to OKR measurements for another 5 min. AMPA significantly impaired
the OKR, and the combined treatment with memantine further impaired the OKR (Figure 5D). These
effects were not observed in mice co-treated with memantine and DNQX.

3. Discussion

Here, we report cross-talk between GRID2 signaling and memantine in mice, which may, in part,
account for the adverse effects of memantine in patients with individual differences in congenital or
acquired genetic factors, such as GRID2.

Major phenotypes have been identified in GRID2 mutant mice, including impaired motor
coordination, learning, and memory. GRID?2 is located on the postsynaptic membrane of Purkinje cells
and binds to cerebellin precursor protein 1 (CBLN1) and neurexin 1 beta (NRXN1b) [7,8] on the parallel
fibers of granule cells [7,37]. On the other hand, the memantine target, NMDA receptors, are also
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expressed on the developing [38] and adult [39] cerebellar granule cells. Furthermore, contrary to the
neurotoxic effects of glutamate, NMDA receptors were found to promote the survival of cultured
Purkinje [40] and granule cells [41,42]. However, double-KO mice with disrupted Nr24 and Nr2C genes
(encoding two major NMDA receptor subunits in the adult mice cerebellum) demonstrate a mild
impairment in motor coordination, but they do not exhibit an ataxic phenotype [43]. This observation
suggests that NMDA receptors and GRID2 functions may not be directly linked [44].

Thus, in the present study, pharmaco-behavioral approaches failed to identify Grid2 as a candidate
for the cause of the observed phenotypes. Unexpectedly, our efforts resulted in the observation of new
phenotypes in our Grid2 deficient mice, which appeared as enhanced memantine susceptibility, which
was likely mediated by dysfunctional NMDA receptors [1,2,45]. OKR measurements in Grid2/ake/Hake
mice revealed impaired basal cerebellar functions in eye movement, which was also mimicked by
memantine treatment. Dizziness has been reported as a major adverse effect of memantine treatment in
humans [6,46]. The cerebellar flocculus is thought to be responsible for the early stage formation of
OKR adaptation and its memory [47,48].

The Grid?2 gene is located in a hot spot of genomic deletions [31], and a number of mutant lines with
defects in this gene have been identified. In addition to naturally occurring mutants, targeted disruption
and knock-in mutations of Grid2 have been reported [30,49,50]. In contrast to these loss-of-function
mutations, Grid2™ (Lurcher) [51] was identified as a spontaneous dominant mutation characterized by
cerebellar ataxia and atrophy of Purkinje and granule cells [30]. Physiological studies of Grid2"" mice
have shown that the Grid2" mutation produces constitutive inward Ca®"/Na" currents that induce cell
death [52].

The importance of the genetic background on Grid2"™ mice phenotypes was also reported [47,53].
In congenic Grid2"" mice, almost 99.99% of those on a C57BL/6 genetic background lost Purkinje
cells, whereas no Purkinje cell loss was observed in Grid2t" mice on a 93% C357BL/6 genetic
background, indicating that phenotypes in Grid2*" mice are highly dependent on their genetic
backgrounds. Interestingly, abnormal eye-movement and impaired motor-coordination were only
observed in 93% of C57BL/6 background-Grid2"“" mice possessing Purkinje cells, but not in 99.99%
of C57BL/6 background-Grid2*’* mice without Purkinje cells [47], suggesting that gain of GRID2
signaling is also a cause of motor deficits in the presence of Purkinje cells. In contrast to Grid2"“* mice,
we noticed during gene mapping that memantine-induced balance impairment was observed in
Grid2take/tiake mice irrespective of their genetic backgrounds (mixed B6 and C3 backgrounds). This is
also the case for random eye movements commonly observed in different Grid2-deleted mice with
different genetic backgrounds, Grid2-KO in C57BL/6 and Grid2"-!3/'%7 on a C3HJ background [17],
suggested that memantine-induced balance impairment may occur in other Grid2 deficient mice
irrespective of their genetic backgrounds.

How does the Grid2/" deletion enhance the actions of memantine? GRID2 regulates long-term
depression (LTD) at synapses between immature parallel fibers and Purkinje cells by inducing AMPA
receptor endocytosis [34,35]. D-Serine is an endogenous ligand for GRID2 and one of the factors that
induce LTD [9]. Developing mice that express GRID2 with a disrupted D-serine binding site show
impaired motor coordination and learning, suggesting the importance of LTD for motor regulation. On
the other hand, NMDA receptor activation requires the removal of Mg®* block, which occurs when the
membrane potential increases through activation of non-NMDA receptors including AMPA receptors [4].
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Cooperative signal-transmission from cerebellar mossy fiber-granule cells to Purkinje cells mediated by
NMDA and AMPA receptors has been shown in both Mg?* block dependent and independent manners [54].
We observed that co-treatment with memantine and AMPA impaired gait and OKR in wild type mice,
suggesting that dysregulation of AMPA receptor function in Grid2 deficient mice may cause the enhanced
memantine susceptibility. This may be implicated in the decreased number of memantine-sensitive
NMDA-responsible granule cells in Grid2!@e/tiake mice,

Whilst mapping the gene responsible for the ataxic phenotype, we observed new phenotypes in Grid?2
deficient mice, which were latent balance defects, and OKR impairments. These deficits were also
mimicked by memantine with AMPA in the impaired WT mice. Because, recently, the wide distributions
of Grid2 mRNA and GRID2 protein were reported in the adult rodent brain [55], the phenotypes in
Grid2ake/Hidke mice could be ascribed to not only attenuated NMDA receptor responsiveness in a subset
of granule cells but also other cellular mechanisms.

When granule cells are collectively activated in vivo, glutamate spilt over from parallel fiber-Purkinje
cell synapses stimulate adjacent interneurons (volume transmission), which in turn exert inhibition of
Purkinje cells [44,56-58] crucial for normal motor coordination [59]. The GRID2 mutation may reduce
NMDA receptor-mediated excitation of granule cells, and this might decrease the volume transmission
and Purkinje cell inhibition via interneurons. Moreover, cerebellar interneurons (basket, stellate, and
Golgi cells) also express functional NMDA receptors at their presynaptic membrane [44,56-58] and
these receptors could be affected by the change of GRIDZ signaling. Taken as a whole, the present study
using a naturally occurring Grid? deleted mouse line may lead to a better understanding of NMDA,
AMPA, and GRID2 receptors. Further studies are required to elucidate the precise mechanisms underlying
GRID2 signaling.

4. Experimental Section
4.1. Animals

C57BL/6J (B6) and C3H/HeN (C3) from SLC Japan (Shizuoka, JAPAN) were used for the
maintenance of the Grid2!ake/tiake moyse line and for IVF for microsatellite analyses, respectively. IVF
was performed following a standard method [60] using human tubal fluid medium (Ark Resource,
Kumamoto, Japan). The Grid2 mutant mice, Grid2"@/Hiake (formal name is Grid2"o-“*/Nibio), were
supplied by the JCRB Laboratory Animal Resource Bank at the National Institute of Biomedical
Innovation. The experimental mouse protocols were approved by the Ethics Committee at the National
Institute of Biomedical Innovation (assigned No. DS-23-35), and by the University of Toyama’s
Committee on Animal Experiments (assigned No. A2012eng-8) for animal welfare. For microarray
analyses, cerebella were dissected after anesthesia of mice with isoflurane (WAKO Pure Chemicals,
Osaka, JAPAN). The animals were maintained under standard light (08:00-20:00) and temperature
conditions (23 °C, 50% humidity).

4.2. Reagents

Microsatellite markers were used to identify the chromosomal region responsible for the ataxic
phenotype, (D6Mit86, 1.18 cM; D6Mit351, 22.94 cM; D6Mit384, 27.38 cM; DO6Mit243, 32.2 cM 7;

— 162 —



Genes 2014, 5 1108

D6Mit29, 37.75 ¢cM; D6Mit102. 42.11 cM; D6Mit149, 48.93 ¢cM; D6Mit200, 89.28 cM). To map the
end points of the Grid2 deletion, we used following primers: mGrid2 intron 2H F 5'-GCT ACT TTG
GTA CAA GTG GAC A and mGrid2 intron 2H R 5'-GAC AAG TTG CTC TCT GTA TCT; mGrid2
Intron 21 F 5'-CAT GCT CAC ATC AAA ATA CAT CAA and mGrid2 Intron 2I R 5'-TGT AAT TGA
GGAA AAT ACA TAA T. Other primers used in Figure 3D were prepared with reference to [31].
To identify the Grid2 deletion in Grid2!“e/Hiake mice, we used the following primers for PCR
amplification: mGrid2 Intron 2HIF 5'-TGG ATC CTT CTA CGT GCA AC, mGrid2 Intron 8YF2
5'-GGA CCA CAC TGA GGT TCG AAA GA, and mGrid2 Intron 8YR 5'-ATC TCT TGG CAT GCA
TTA GAC. The mutant allele of Grid2" produces a PCR band corresponding to a product of
approximately 600 bp, and that for the WT allele 1s approximately 400 bp.

GRID2 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
for NMDARI1 and tubulin were obtained from Cell Signaling Technology (Boston, MA, USA).
Memantine, AMPA, DNQX, MK-801, nitrazepam, donepezil, and ondansetron were purchased from
WAKO Pure Chemicals; ifenprodil, Ro25-6981, DL-AP7, tfelbamate, and loperamide were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

4.3. mRNA Analyses

Total RNA was prepared from the cerebellar hemispheres of 12-week-old mice (male and female)
using the EZ1-RNA purification kit (Qiagen, Venlo Park, The Netherlands). For microarray analyses,
GeneChip Mouse Genome 430A (Affymetrix, Santa Clara, CA, USA) was used, and differences in
transcript levels were calculated with Partek (Partek Inc., St. Louis, MO, USA). The original data files
(CEL-files) were deposited in the Gene Expression Omnibus (GEO) repository and assigned
the GEO accession numbers: GSM 1334015, GSM 1334016, and GSM 1334017 for normal mice, and
GSM1334018, GSM1334019, and GSM 1334020 for mutant mice. PCR primers for real-time PCR were
as follows: mGrid2 F, 5'-AAC ACG CTA CAT GGA CTA CTC-3" and mGrid2 R, 5'-GAA GCA CTG
TGC CAG CAATG-3"; mGapdh F, 5'-ACT CAC GGC AAA TTC AAC GG-3'and mGapdh R, 5'-GAC
TCC ACG ACA TAC TGA GC-3". To amplity the Grid2 ORF, primers are mGrid2 F2 (SATG): 5-ATG
GAA GTT TTC CCC TTG CTC TTG T and mGrid2 R (3Stop): 5'-TCA TAT GGA CGT GCC TCG
GTC GGG GTC A were used.

4.4. Measurements of Walking Distance and the OKR

Male mice (12—-14 weeks old) were placed in a rectangular box (25 cm x 40 cm), and their head
position was tracked for 5 min using ANY-maze software (Brain Science Idea, Osaka, Japan). Each
mouse was monitored three times, and the longest distance recorded was used in the data analysis.

The OKR was measured in adult mice using previously described methods [28], which are depicted
in Supplementary Figure S1. Briefly, the mice were anesthetized with isoflurane (2%) and a stainless
steel screw was glued to the skull. The mice were then habituated to the experimental conditions for
2 days before the measurement. Ten minutes before the measurement were made, mice were
administered a saline (8 mL/kg) injection with or without memantine (10 mg/kg) intraperitoneally.
The mouse was then mounted on a stereotaxic apparatus and exposed to continuous sinusoidal horizontal
oscillations (17°, 0.25 Hz) of a cylindrical checkerboard-patterned screen (diameter, 65 cm; single
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square, 1.8 x 1.8 cm; brightness, ~30 Ix). Right eye movement was captured at 30 Hz with an infrared
camera. For each image frame, we used a machine vision system to estimate the pupil azimuth from the
location of the pupil center. The OKR was expressed on a time plot of the relative pupil azimuth for each
round of screen oscillation, with the pupil azimuth at the beginning of backward eye movement set
to 0°. An OKR gain was defined as the ratio of the maximal relative pupil azimuth change to that of
the screen (17°).

4.5. Cell Culture and Electrophysiology

Granule cell-enriched cultures were prepared as previously described [61]. Briefly, 2-day-old (P2)
mutant or WT mice were anesthetized by cooling and then sacrificed by decapitation. The cerebella were
dissociated with trypsin, plated on poly-L-ornithine-coated plastic dishes (Becton Dickinson, Franklin
Lakes, NJ, USA) at 1.25 million cells/mL, and maintained in low-serum, nutrient-supplemented
Dulbecco’s Modified Eagle Medium/F-12 (Life Technologies; 5% CO2, 37 °C) for 12 days.

Ruptured-patch whole-cell recordings were performed on cultured granule cells. The pipette solution
contained 134 mM potassium D-gluconic acid, 7.6 mM KCI, 9 mM KOH, 10 mM NacCl,
1.2 mM MgClo, 4 mM ATP magnesium salt, 10 mM HEPES, and 0.5 mM EGTA (pH 7.3). The culture
dish was perfused at a rate of 1.4 mL/min with 145 mM NaCl, 5 mM KCI, 2 mM CaCl», 10 mM HEPES,
10 mM D-glucose, and 10 uM glycine (pH 7.4). Current signals were recorded using an EPC-8 amplifier
(holding potential, =90 mV; cut-off frequency, 5 kHz; sampling rate, 20 kHz; HEKA, Lambrecht/Pfalz,
Germany) controlled by Patchmaster software (version, 2.35; HEKA). The command potentials were
corrected for a liquid junction potential between the pipette and bath solutions. Electronic capacitance
cancellation and series resistance compensation were not used. The series resistance (33.2 £ 5.1 M,
n=55) and membrane capacitance were estimated from the amplitude and time constant of the capacitive
current evoked by a 10 mV voltage jump. The bath solution containing 20 uM NMDA or 10 uM
memantine was locally applied to the cell through a theta tube under the control of gravity and
electromagnetic valves (VMS, ALA Scientific Instruments, Farmingdale, NY, USA). The magnitude of
an NMDA-induced current was quantified as the inward current charge over a 2 s NMDA application
normalized to the membrane capacitance (charge density). The background charge was estimated from
a 0.5 s pre-application period and subtracted from the charge density.

4.6. Statistical Analyses

Data from each group were characterized by the mean + SD, unless otherwise stated. Data from
biochemical assays were examined with one-way ANOVA followed by unpaired two-tailed #-tests to
detect statistically significant differences. All the statistical examinations were performed using JMP
software (versions 9.0.2 and 10.0.1, SAS Institute, Cary, NC, USA).
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Mouse models for cardiomyopathy

—Cardiac function and genetic analyses of a mouse model for dilated cardiomyopathy

Osamu Suzuki and Junichiro MATSUDA

b NI = {ES O /N e i

(i) B2 AR SEMRWTACTITR 6 8 7L/ N RIT AL 5

OUHHEN, DHOBEREICSI Y ODHOBERT2Z L UDTRLEETIRBEORTTHS. & ICEEM
TIRDBBHEIHE—OBRBEEE 3 RUEBRTHY, REEPPAREREIRDSN TS, ChET
2, PFEEFHERCL)ZOBEREBEFIYRES N, BRAREYIIETINORKRICMZ, BEFHH
BEDLEICUAEGFREEMICLNBBOTIZRETIMF DL ONTE L. ABTR, S LEHEETFE
BICEWELCAUBHEICHICLETIXEFIVO—EERTEEDHIC, EFESHRBICHR U AIRE O
EETILTIRY, BERI100%THY, & POIREOFHFEDZ L DIEREZ L, &5 -G8 MRED 5 DRREE
BEBRICIRAL S, S SIABERRBICHEMCHREINATWVWEZ L 2BNT 3.

.

Key, | DEFE. WEETLBY, BEFHEVOR, BE RGETRYEE

DFRENE, L OREEERFEIC X 0 OlEOTERE
TH#ERLLALERT 2REORKETHY, O
MR A B A AE (hypertrophic cardiomyopathy -
HCM), @#55RM.OHE (dilated cardiomyopa-
thy : DCM), Q@H#HELLAIE (restrictive cardio-
myopathy : RCM), @B IR 14 45 =0 B IE
(arrhythmogenic right ventricular cardiomyopa-
thy 1 ARVC), ZEHEINTHE, ka5
Rt (RIEAE) OO & L T% < 23 80R I 4R
EINTW2, BETIERRANTOREIRD S
N5 b 0% PN FEBENENHES, FEEA
BIZTHARESN22H2Y,

UL, BEREBEFVHREINTDH, T
BBEHRICEC O woREIRTH 5. 1BHIE
EBIFICIE Z OB R R A @) R 7V
BYORF - FAPBEATH L. H oI BIEEE
FAFCRBER IS, BEFREDNHERNE S
WATZ, H—hBEBENNNYy 77700 F2bb,
BIE LB S THEOME % EBRZEL <)V THAR
BB RETNADPIEFICEETDH 5.
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B FEEMOEG TR

Whp DB TEATTRADEBE, EmFEAT L
JWCIEIE T DM INETFHTEE LIEWLES, EET
UILEBEBEFEBAT UVIVED EDF DR DEEENT
O%(heterozygous) TldE < AN Z &(hemizy-
gOUS) E KRS —T5. JwHT D RO RT3
NICBETFE(/ v o 7O NP UIWVIESESTcERIng
GFRERTNCEBFBRTINDRLDT, EBE7PLUILE
Sy O PO P LIIVEDDEEEANT ORISR o
12U, BRRETEESSOBETHNTOREKIE
N&TEDEVNKRDTHSD. SHEHHCHERENEW
ZE, %ED B ® 3 FHDI&L%ZE S Yy a3Kig,
BFvYIAXRBERITENZUVD, BETIES-
prime end ¥ 3-prime end & K3V (KD TASEL,
["(apostrophe) ] TlF&E< [7 (prime)] ZEESXE
R, AJIDBESEHS '] TORABZLY). 83X
BCHD.
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£ 1 BEMOBEOSSLERBGEFEYTY RAETFTILCEY 28E)
BIEFELS BET4 i RIREFIN
MYH7 gzzsin, heavy chain 7, cardiac muscle, HCM, DCM KO (no phenotype)
MYBPC3 | myosin binding protein C, cardiac HCM, DCM KO, KI
TNNTZ2 troponin T type 2(cardiac) HCM, DCM, RCM KO(Embryonic lethal), KI, Tg
TNNI3 troponin I type 3(cardiac) HCM, DCM, RCM KO(Early death), Tg
TPMI tropomyosin 1{alpha) HCM, DCM KO (Embryonic lethal), Tg
ACTCI actin, alpha, cardiac muscle 1 HCM, DCM ?g(Embryonic/ postnatal lethal),
CSRPS | (e LM ey | HOM. DM Ko
LAMPZ2 lysosomal-associated membrane protein 2 | HCM, DCM, Danon¥% | KO
PLN phospholamban HCM, DCM KO(No phenotype), Tg
DES desmin HCM, DCM KO, Tg
ACTNZ actinin, alpha 2 HCM, DCM —
VCL vinculin HCM, DCM KO, KI
ANKRDI | ankyrin repeat domain 1(cardiac muscle) | DCM KO (No phenotype)
MYL2 ;rllgrvtsin, light chain 2, regulatory, cardiac, HCM KO (Embryonic lethal)
MYL3 ;I}l{}éi)jti;ll,’ hsgl:; chain 3, alkali; ventricular, HCM —
pricioz | e, Mmsebah m
GLA galactosidase, alpha HCM, Fabry & KO, KO/Tg
TTN titin DCM, HCM KO/KI(Embryonic lethal)
DMD dystrophin DCM, Becker & KO, Spontaneous mutant
SGCD sarcoglycan, delta DCM KO
LMNA lamin A/C DCM KO, KI
RBM20 RNA binding motif protein 20 DCM KO
TMPO thymopoietin DCM KO
TCAP titin—cap DCM KO
BAG3 BCL2-associated athanogene 3 DCM KO (Postnatal lethal)
LDB3 LIM domain binding 3 DCM KO, Tg
PKP2 plakophilin 2 ARVC KO (Embryonic lethal)
DSP desmoplakin ARVC Tg/KO

KO : gene knockout, KI : gene knockin, Tg : transgenic.

£1ICRT LI, b FCRES NEETY
WEBRZ O AETANSEEMINTE
D, JREEFRIEDFEM R X A= X LEHICHAZI N
Tw3, LprLECOHS»r AR LI I, BEFE
ST LT RETADE b EEKDIE
REPESTLORTERBLAVLIELHD,
& 0@ b OLEEE F LB ORI HIE
XNTn3,
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AFETIE, EE SR L A HRELLRE 2
ZEFN(ACI0 =7 AN DERM.EL, ZDREHTIC
B i-Eiifilcon Tl 5,

@ TERRDEFEE S VR IR (4C30XDR)

4C30 =7 A%, ¥ 7 IIVEEEREESE GalBl.3Gal-
NAc a2,3-sialyltransferase I (ST3Galll ) (%%
D)2 LG THEIRBI - EETEACY 2D
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(A)

B) B

Fka&

i
o4

1 4C307 ™ ZAD#FY
A BB CEY) . B:HGREE L 72 LlEoREF (B
gt > Bar=>5 mm),

A4 DV EDT, FERERMICEHT AT
100 % $i5 3BT L AAE 2 J64E L TOR-§ 2%, —,
~NIERMER (T A F AT SR)PEHAERTIE, 1
FEPLEERET S, FEIZIZC DIFEAR &R
WL TWwds, HBEZAICPETETIRICE
3. RE(EA-A)E, YTV ICRE, EX{L
L 720 idshifiz2 8§ 5 7- O EE DOWEIRIEE -
U, Mgk mi) TRz T 27-00, HE
OTHINDE ) BEBEL L, ZOHRDIT
SEEEDOHIE (S \0Z ) EMERARICL D EEZ
55,

10% RV ) v EAN ) THEE T 3TRS

L72RIC & 2 IREZER O BN O LIEZE 4 5

4C30

E%
xR

2 DIO—ROB(EEOME—N)
Z O (15 BERHE) T3 FS% 1 4C30 T 15, IE# %
I8 (C57BL/6NCr) T40 Th 5.

&, FEREHY (4C30) 13 IEH R (C57BL/6NCr) 12 b
NOESRESE LS RE L, FENEZRECHD
T (E1-B BE). K 1-BHEIEHHL O
FC, FIEFTEILERDLEIWA E HFEL LK
Ev, H1-B TGO VUPERTTH O EE T, F§
REGCIERBIC h~Pafe s SR L, OF - O

 BOREPNEEAT X CIERLT B & o ) M 7

JREEHLDAIE 2 B LTz, 4C30 TEFEED
BT & % I creatine phosphokinase % lactate
dehydrogenase @ FRICHINZY, DaffkEEE RPN
8T H A IfiHP cardiac troponin I (cTnl)
BREICHEMLTEYY, 4C30 =7 Ak & hikERA
DEEDHREZ K (L 2 BHEE TV TH B
LEbHLNS,

4C30 I DBSRED HTHLIER B L T3 2
EDHER I N T3, EEEW %« F 7o LHERE R
ok, EhEDEELRET 208 H 29,
ECIL= T ADDLIRIEYT A4 AN E» ) 2, LA
BOPEF IR 72 (15 300~700[8]), HBE 2
Wi E 2 S~ 7 AR L 72 b D2 w7213 )
DX, F, SVAORFHELEHTELR L,
&z, LDra—ToOEZENREHEE(FS%)
i C57BL/6 =7 AT 41+6", ICR =7 AT 36+
P LOWENDH D, EBE, FS%IZIEHWE 7 2
Tl 30~50 TH %53, 4C30 =7 A TlF 15~30 &
BfETH-7-(H2). ZnkIic, DIEELEE
TOHBE VI RTDH 4C30 =7 R TLETEE T
WELTHERTH 5.
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(A) FFHRINR

« <+ Primer 3
FER | |

Primer 2 —»

e
<« Primer 1
BB R
(B)
B 4C30DHIEH!
g +/+ /= I+~ =)= —/—

3 Flanking primer(Z & % genotyping PCR
AT 794 v —DuB
B:30DifET 74 < —&REKRHCHIH L 72 PCRIZ
2 EBOEETEMEMN. +:Tg7 Ui,
— CWERIT ) L

4C30 =7 ACHE A I/ WEE ST3Gal I 1k, B
IRE R ENEOREO K7V a2 — Al a-23
Mo PLEBEEESEIBEOOEDT, =7
ALETIZMBEINCHI L Tw 228, IR TIEFR
BLTwzwY, —J, EhOlETRe7 A LR
7 O AT Y ST3Gall 2358 L Tw 39 4C30
v ADLMETIFEARESE ST3Gal I 3 H L N
NMNTEFBELTE D, DEE A EOREMARICE
Lhd e sl a2 L7 F v TR L 7Y,
% 7=, 4C30 [M# T calreticulin % calnexin D&
BEROMMPBEINZ Ehs, 4C30 =7 A
DOFREFHEDIEF & LT T 2T LT3,

ALY 7 VBEBERICL DI EFSEAE
FUE OSSN L, 2 0avhaek (55T

flafk) o & FHE 5 E PR (endoplasmic reticu-

lum quality control : ERQC)"W##.L, ERQC ®
RO El 248 9 calreticulin % calnexin D ENN
BRI D, K, INSOEAEIIHLET A
(Ca)fafez boO 2 06, Zho EEEDM
DCafHBEA2ERI TR ZLICLoTLEHD
IARREENE L 2D Tld v, EHELTY
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%, & <iZ calreticulin D3EMIE, DME 1% 5] 2L
ZFZEnsY, ERQC %4 L - HEERi D 2 1Y,
LBERE & OBEME A TR T MR L VWA S, £
7z, Dystroglycan HE&EDBEHE L AL NY, o
HTh CafRHEFEOBEEHRBIN TV 3,
ST3Galll ®BH Iz X 3 & b IKGRELLE D FE
Pl s Tnianbon, b FLFEICE
THY 7T NVHBEBHBEOREENHEML TS
DY, i, RRCOFEERIC X S TR&N
W7 &9 RHREE - BRE LB b vwbhnT
W5, 4C30 w7 Ak RO X ) ik FIRERALL
FIEDIREER X B L TR D, SRIEMRHT O IGH
HREAFEH DI ERLLAE € 7L & L CIERICE
ThHdERbONG, I ClIoBRIEESZ A
4 v F v 2L (TRPV2) 2R & L 72 DAFIE A #
HEORFY R, LR~ — 5 — TH I atrial
natriuretic peptide (ANP) D 7 v + 4 ZBAFV1c
4C30 =7 ADSIERH &z, SHOEHIC D B
L7z,

o 5/ LSRR
BIEFEA<7 AT, EABEBIrOT ) LA
AL 2 € — BB GBIE O RBUC T
2. 4C30 = 7 A DLEHEERE R & b € B R 1
BN Lo, HABETFORERDEED,
BIGEEFDT /7 LAFEAIC X 5 BEARCIIREE D
eI K > TAREERE 2, v 777 &0
fevRgtEDsE 2 ot 22T, BAEEBS DR
EY ) LN ET ) b x—F v TIC K DIRE
L, ZONEYT ) LT —F RXR—ATHELTY
VA FEOBEEBELEECAY, dyrary
7 v (SGCD) EIEF D EFfEH TH > 7. SGCD
DRBIELIIEICE S 2 L0 5"0, EIGERETHE
A & % SGCD o F B D ATREMEDS R I vz
73, SGCD DLMENFEREIZIERZ > 72728, B
A CIRENEBREFORABRVRKEICEETH S
EEZTNVDG,
EETEAEY OB EEFOEEFRHERE
(zygosity check, REH - ~ 3 BUHFEHE) I2I1F
%% & B, EEES ) LEIIERPLES b D
D, EMWENZ W ARET, BEABBTOEES
TR OEETHLEBICHETE S EES Y
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A 2—IC &% PCR” EMTH S, %\, 4C30
CIATIET ) b —F v T NERET b
RAIBBLNTWADT, TOHECHRETEEY
BRI HIBI T 5 2 L3 TE B (R 3)Y,

w BOOIE

KEETE O ICHD BT RO, —i%
N IEFHROBOWIRE T, RIS LIEEAED
WG E i 2 HRTH B, FEEIC, ENOLIESE
FEED SHVAEDREEZ L b TED, /)
T EL DA T LIEBHEE R 2616 % IR
BEINTW3, —F, REECIHEEOMRFAEINE
ATED, ETEESY L EFHROWEICKE
CHERL T3, 5%, SliniiiGisEs & ok
FiciE, BETERNLEEREEZLETLEHY
EZROWTIT) ZEDEBELERD, ZORDITITEE
RFHIESE L, £ ML DEWEEEZRTET
L2 ZADORANR V- Z Kk oS,

SEEEN L - FHOIRRELLAEE T V=7 A
DIESMCHIA S 4, DIHEE O RIS IR DB S
WCEERL, HEROBEICTILTLRIIDILE
BT 2. 7, 4C30 =7 Ald, () BESRKEApT
HFEEBRE YA EIR S~ 7 (http://animal.

nibio.gojp/) 76 AF A TH 5.
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