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multiple formation of tumor in the small intestines of Mutyh-deficient mice provides a
suitable model system to investigate the processes of intestinal tumorigenesis.

Xie et al. showed that Mutyh/Oggl double-deficient mice predominantly developed lung
and ovarian tumors as well as lymphomas. They also showed that 8.6% of Mutyh/Ogg1
double-deficient mice exhibited adenomas/carcinomas in their gastrointestinal tracts,
which were not observed in wild-type mice”. We and other groups have previously
reported that there was little difference in the number of intestinal tumors in wild-type and

Oggl-null mice, although an Oggl deficiency resulted in 8-0xoG buildup in genomic DNA
and an elevated mutation frequency in the latter**”. Thus, the development of intestinal

tumors in Mutyh/Oggl double-deficient mice supports the notion that having a Mutyh
~ deficiency does indeed increase susceptibility to intestinal tumorigenesis regardless of the
genetic background or environmental factors.

1. KBrO;-induced intestinal tumors in wild-type and Mutyh-deficient mice

} Mutyhm» -

} Mutyh™

iI.Frequency of KBrO,-mducod inmtinal tumors in wlld-type and Mutyh-
deficient mice (tumors/mouse)

Genotype Sex ’ Mean = S.D.

Mutyh* a 0.50 + 0.55
-3 1.00 £ 0.71

Mutyh + & 72.75 + 24.24
"] 51.00 + 28.35

Figure 2 KBrO,-induced tumors in the small intestine of Mutyh-deficient mice.

L. a, The upper part of the small intestines (duodenum and a part of jejunum) from KBrO:-treated
mice are shown. Multiple polyp formations are observed in the KBrOs-treated Mutyh-deficient mice (-/-),
but not in the treated wild-type mice (+/+). Upper: female, lower: male. b, A high-power view of the
polyps in the KBrOx-treated Mutyh-deficient female mouse. ¢, A section of the KBrOy-induced polyp
stained with haematoxyhn and eosin. Scale bars; a: 1 ¢cm, b: 1 mm, ¢: 100 um. I1. KBrO, was administered
to wild-type and Mutyh-deficient mice in their drinking water for 16 weeks. Body weight and water con-
sumption were monitored weekly. The animals were sacrificed at the age of 20 weeks, and their intes-
tines were removed and fixed in 4% paraformaldehyde fixative. Microscopic inspection for tumor for-
mation was performed (adopted from reference 5).
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1) Familial adenomatous polyposis with a recessive trait
» Patienls have germ-line mutations in the MUTYH gene '
(About 80% of the mutations were identified as Y165C or G382D
in the patients of Europe and USA)
» Onsel: 50 years of age (median, range:16~59 years of age) *
« No. of tumors: 40/colon(median, range: 18~ 100 tumors) *
*United Kingdom patients (156) with multiple (5~ 100) adenomas

* 2) Tumors from the patients all showed G:C to T:A
mutations in the APC gene.
3) Almost all the G:C to T:A mutations occur in the GAA
sequence context of the APC gene

Figure 3 MutYH-associated polyposis (MAP).

Figure 4 Wnt signaling pathway (canonical).

a) In the absence of Wnt signaling, B-catenin is phosphorylated by GSK3p in a complex with axin and
Apc, and is subsequently ubiqutinated and degradated in the proteasome. b) In the presence of Wnt sig-
naling, activated Dishevelled (Dvl) inhibits phoshorylation of B-catenin, consquently leading to stabi-
lization of B-catenin. Nuclear accumulated B-catenin activates transcription of the target genes.
Mutations in either APC (c) or in the phosphorylation sites of B-catenin (d) abolish the phoshorylation
of B-catenin, which in turn leads to an accumulation of nuclear B-catenin, thereby up-regulating the
expression of the target genes without Wnt signaling, and resulting in carcinogenic cell growth.
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It is of interest that the deficiency of Mutyh but not Oggl makes mice susceptible to

 intestinal tumorigenesis, although the deficiency of either Mutyh or Ogg1 increases G:C to
T:A transversion at almost equal frequency in the small intestines of mice. It is possible
that this difference may be attributed to the additional substrate; MUTYH excises 2-
hydroxyadenine, an oxidized adenine, paired with guanine, beside adenine paired with 8-
oxoguanine, from DNA. However, we recently reported the involvement of Mutyh in cell
death caused by oxidative DNA damage'9. Thus, the defect in Mutyh would
simultaneously compromise both DNA repair and cell-death induced by oxidative DNA
damage (Figure 5). This may explain why among the factors involved in suppressing
oxidative damage-induced mutagenesis, only MUTYH is, so far, identified to be associated
with hereditary colorectal cancers in humans.

Reactive Oxygen Species

lncorporation
Nucleonde DNA damage
damage

| MUTYH

(MAP)
Mutagenesis
Carbinogenesi_s

Figure 5 The roles of MUTYH in the avoiding mechanisms for ROS-induced mutagenesis and car-
cinogenesis.

The defect in Mutyh simultaneously compromise both DNA repair and cell-death induced by oxidative
DNA damage. Thus, the defect in Mutyh makes mice highly susceptible to oxidative stress-induced
tumorigenesis. This may provide molecular bases for explaining why among the factors involved in sup-
pressing oxidative damage-induced mutagenesis, only MUTYH is, so far, identified to be associated
_ with hereditary colorectal cancers in humans.
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Fast excitatory transmission in the mammalian central
nervous system is mediated by AMPA-type glutamate
receptors. The tetrameric AMPA receptor complexes
are composed of four subunits, GluR1-4. The GluR4
subunit is highly expressed in the cerebellum and the
early postnatal hippocampus and is thought to be
involved in synaptic plasticity and the development of
functional neural circuitry through the recruitment of
other AMPA receptor subunits. Previously, we reported
an association of the human GluR4 gene (GRIA4) with
schizophrenia. To examine the role of the GluR4 subunit
in the higher brain function, we generated GluR4
knockout mice and conducted electrophysiological and
behavioural analyses. The mutant mice showed normal
long-term potentiation (LTP) in the CA1 region of the
hippocampus. The GluR4 knockout mice showed mildly
improved spatial working memory in the T-maze test.
Although the retention of spatial reference memory
was intact in the mutant mice, the acquisition of
spatial reference memory was impaired in the Barnes
circular maze test. The GluR4 knockout mice showed
impaired prepulse inhibition. These results suggest the
involvement of the GluR4 subunit in cognitive function.

Keywords: AMPA receptors, cognitive function, GluR4,
knockout mice, prepulse inhibition, schizophrenia
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GluR4 is a subunit of a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptors that mediate fast
synaptic excitatory neurotransmission in the mammalian
central nervous system (CNS). The AMPA receptors are
ligand-gated ionotropic receptors and are important for
the expression of several forms of long-lasting synaptic
plasticity including long-term potentiation (LTP) and long-
term depression (LTD) (Bear & Abraham 1996; Bliss &
Collingridge 1993; Malenka & Nicoll 1999). GluR4 and other

- AMPA receptor subunits, GIluR1-3 (also referred to as GIuRD

and GluRA-C), assemble into a tetrameric complex to form a
functional channel (Mano & Teichberg 1998; Mansour et al.
2001; Rosenmund etal. 1998). GluR4 subunit expression
is distributed throughout the CNS, but is relatively high
in the CA1 and the dentate gyrus of the hippocampus,
layers Ill and IV of the cerebral cortex and the granule cells
of the cerebellum (Keinanen et al. 1990). Especially in the
hippocampus, high GluR4 expression is largely restricted to
the first postnatal week, and the GluR4 subunit mediates
the delivery of GluR2-containing AMPA receptors (Zhu et al.
2000). Thus, the GluR4 subunit may be responsible for the
function of the early postnatal hippocampus through the
initial establishment of long-lasting functional circuitry. Early
neonatal inactivation of the hippocampus with ibotenic acid
alters the development and plasticity of the prefrontal cortical
circuitry and produces behavioural and cellular changes that
mimic many aspects of schizophrenia (Lipska 2004; Lipska &
Weinberger 1993; Weinberger 1995).

Schizophrenia is a chronic, debilitating neuropsychological
disease characterized by positive symptoms such as auditory
hallucinations, delusions and disorganized thoughts; nega-

“ tive symptoms such as the flat effect, decreased motivation

and decreased social interaction; and cognitive impairment
(Lewis & Gonzalez-Burgos 2006). Glutamatergic dysfunction
is hypothesized to be one of the major mechanisms of
schizophrenia pathogenesis. Previously, we have performed
systematic association studies of glutamate receptor genes
with schizophrenia (Fukumaki & Shibata 2003) and found one
susceptibility locus for schizophrenia located within or very
close to the human GluR4 gene (GRIA4) in the Japanese
population (Makino et al. 2003). To examine the role of the
GluR4 subunit in the higher brain function and in pathophys-
iology of schizophrenia, we generated GIuR4 knockout mice
and conducted an electrophysiological test of hippocampus
slices and the comprehensive behavioural test battery.

Materials and methods

Generation of GluR4 knockout mice
A genomic clone containing exon 12, which encodes the first
transmembrane domains (M1) and the pore loop domain (M2)
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of GluR4, was isolated from a 129/SvJ mouse genomic library
(Stratagene), and a 7.2-kb Xbal fragment 3’ to exon 12 was subcloned.
A 1.7-kb fragment 5’ to exon 12 was obtained by polymerase chain
reaction (PCR). The targeting vector used to generate the GluR4
knockout mice was constructed by replacing exon 12 with a polll-
neo-poly(A) cassette and flanking the cassette with a pair of herpes
simplex virus thymidine kinase genes for negative selection (Tsuzuki
etal. 2001). CCE embryonic stem cells (strain 129/SvJ) used in
the previous study by Gondo et al. (1994) were electroporated with
the targeting vector and selected in the medium containing G418
(250 pg/ml) and ganciclovir (5 pM). Double-resistant clones were
subjected to Southern blot analysis to ensure the desired structure
had been produced by the homologous recombination event. For the
0.5-kb 3’flanking probe the genomic DNA was cleaved with Spel
and the expected sizes of the hybridized bands for the wild-type and
the mutant GluR4 alleles were 19.7 and 12.2 kb, respectively. For the
0.6-kb &'-flanking probe, the DNA was digested with Sphl and the
wild-type and mutant alleles produced 13.4 and 7.0 kb fragments,
respectively. Five targeted ES clones were independently injected
into C57BL/6J blastocysts and four of them yielded chimeric mice
capable of transmitting the targeted GluR4 allele through the germ
line. The mice carrying the mutated GluR4 allele were backcrossed to
C57BL/6J for at least seven generations before behavioural analyses.
Genotypes were determined by PCR analysis of tail genomic DNA.
Two pairs of primers were used to detect wildtype and mutant
alleles: a pair consisting of 5-GCTACCACAAAAGATGGATGC-3’ as
the forward primer and 5-GGTTTTAGAATCCCCACAGCA-3' as the
reverse primer for the wild-type allele, and another pair consisting
of 5-AGGGACTGGCTGCTATTGG-3' as the forward neo primer and
5 -GATGTTTCGCTTGGTGGTC-3' as the reverse neo pnmer for the
mutated allele.

Western blot analysis

Mouse brains were dissected into cerebellum, cerebrum and
hippocampus sections. Each specimen was sonicated five times
using a BIORUPTOR (Cosmo Bio, Tokyo Japan) for 1 min at
30 second intervals in sodium dodecyl sulphate (SDS) buffer
[2% SDS, 2 mM ethylenediaminetetraacetic acid, 50 mM Tris—HCI
(pH 6.8) and 2 mM phenylmethylsulphonyl fluoride]. The proteins
produced were assayed by the modified Lowry procedure and
equal amounts (6—-40 ug) of sample proteins were subjected to
8% SDS-polyacrylamide gel electrophoresis and electrophoretically
transferred onto a PVDF membrane (Immobilon Membrane,
MILLIPORE, Billerica, MA, USA). The blots were blocked with 5%
non-fat dried milk and 0.1% Tween 20in 0.01 M phosphate-buffered
saline {PBS) for 1 h and then incubated with rabbit anti-GluR4 antibody
(CHEMICON international, Inc., Temecula, CA, USA) for 1-2 h.
After being rinsed in PBS twice for 10 min each, the membranes
were incubated with horseradish peroxidase-conjugated goat anti-
rabbit 1gG diluted in PBS containing 0.1% Tween 20 for 1 h and
washed with PBS three times for 10 min each. Then, the proteins
were visualized by the enhanced chemiluminescence (Amersham
Biosciences, Buckinghamshire, UK) method for detection.
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Immunohistochemical analysis

The animals were deeply anesthetized with pentobarbital (90 mg/kg,
i.p.). Then, they were immediately perfused with PBS (0.01 M)
followed by 4% PFA (paraformaldehyde in PBS) and then had
their brains removed, cut coronally into appropriate thick blocks
and postfixed in 4% PFA overnight at 4°C. Four percentage of
PFA was replaced with 30% sucrose in PBS, and the brain tissues
were left overnight at 4°C. The tissues were embedded in optimal
cutting temperature (OCT) compound (Tissue-Tek, Tokyo, Japan),
snap frozen in isopentane and stored at —80°C until cryostat
sectioning. Serial cryostat sections obtained from the cerebrum and
the cerebellum in the coronal planes were cut and affixed to Super
Micro Slide Glasses (Matsunami Glass Ind., Ltd., Osaka, Japan) at
a cabinet temperature of —25“C. Before use, the sections were air
dried for 30-60 min and incubated overnight at —80°C. After being
thawed at room temperature, the cryostat sections were rinsed
with PBS, incubated for 30 min in 0.3% H,0; in PBS, washed with
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PBS and blocked for 1 h with blocking buffer (PBS containing 4%
normal goat serum, 0.1% Triton-100X and 0.05% Tween 20). After
being blocked, the cryostat sections were incubated overnight in
a humidified chamber at 4°C with the primary antibodies, such as
rabbit anti-GluR1 antibody, rabbit anti-GluR2 antibody and rabbit anti-
GluR4 antibody (Chemicon) diluted in PBS. Then, the sections were
rinsed repeatedly with PBS, blocked for 10 min and incubated for
1 h with biotinylated secondary antibody in blocking buffer. After
being washed with PBS, the sections were then incubated with
ABC Elite reagent containing horseradish peroxidase-avidin complex
{(Vector Laboratories, Burlingame, CA, USA) for 30 min and then
washed with PBS again, The peroxidase reaction was performed
using diaminobenzidine (DAB, Vector Laboratories) for 5 min. Finally,
the sections were analysed with the Stemi 2000-C stereo microscope
{ZEISS, Oberkochen, Germany). Images were acquired with the Axio
Cam (ZEISS) and processed by Axio Vision 3.1 (ZEISS) and PHOTOSHOP
software (Adobe, San Jose, CA, USA). The secondary antibody alone
did not show any staining.

Electrophysiological analysis

Electrophysiological analyses were performed as reported previously
(lto etal. 2000; Kawakami etal. 2003) with 9-week-old mice.
Mouse brains were removed after ether anesthesia and decapitation.
Transverse hlppocampal slices were cut with a vibrating microtome
(VT 1000 S) in ice-cold NR (normal nger’s solution saturated with
95% 02/5% CO2) and were incubated in NR to allow them to
recover for at least 1 h at room temperature. All recordings were
carried in a submerged slice chamber perfused with NR at 32 +
0.5°C. A recording electrode filled with 0.9% NaCl was used for
recording. Synaptic responses were evoked at 0.1 Hz using a bipolar
tungsten electrode. Paired-pulse facilitation (PPF) was examined at
50 msecond interstimulus intervals with three traces. PPF values
were calculated as the ratio of the second stimulus-evoked field
excitory postsynaptic potential (fEPSP) peak divided by the first
stimulus-evoked fEPSP peak. The tetanic stimuli used to evoke LTP
consisted of two trains of 100 Hz stimuli lasting for 1 second at an
intertrain interval of 10 seconds. The LTP of the fEPSP slope was
expressed as the percentage of the mean before tetanic stimulation.
To preclude bias, the PPF and LTP measurements were performed
blind to genotypes. All data are expressed as a mean + SEM and
were analysed with the Student’s t-test.

Behavioural analysis

A behavioural test battery was conducted as described previously
{Yamasaki et al. 2008). The mutant mice were backcrossed to the
C57BL/6J background for at least seven generations. GluR4~/~
and GIuR4*+ mice were generated by intercrossing males and
females heterozygous for GluR4+/~. We prepared one batch of
mice for behavioural tests; the batch consisted of the same number
of GluR4~/~ and control mice (n= 16 and 16, respectively). All

" behavioural tests were carried out with male mice that were 10

weeks old at the start of the testing. The animals were housed four
per cage in a room with a 12-h light-dark cycle (light on at 0800 h)
and allowed ad /ibitum access to food and water. All behavioural
tests were performed between 0900 h and 1900 h, except for the
eight-arm radial maze test, which was performed between 2100 h
and 0700 h. Before testing. each animal, the apparatus was cleaned
with diluted sodium hypochlorite solution to prevent bias because
of olfactory cues. The experimenter remained blind to genotype
during behavioural testing and mice were identified by ear punchmg
The raw data of behavioural tests, which are not described in
this article, are disclosed in the gene-brain- phenotypmg database
(http://www.mouse-phenotype.org/).

General health and neurological screen

The ear twitch, whisker twitch, righting reflex and response to key
jangling were evaluated. A number of physical features, including the
presence of whiskers and bald patches, were also recorded. Neuro-
muscular strength and balance were examined with the grip strength
test and the wire hang test. A grip strength metre was used to assess
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forelimb grip strength when the mice were pulled back. In the wire
hang test, a mouse was placed on a wire cage lid and then the lid was
inverted and held at a height of approximately 30 cm above the ¢cage
litter. Latency to fall was recorded, with a 60 second cutoff time.

Open-field test

Locomotor activity was measured using an open-field test. Each
subject was placed.in the centre of the open-field apparatus, which
was illuminated (100 lux). The apparatus was cleaned with water after
* each trial. Motor activity parameters (distance travelled, number of
vertical and ‘stereotypical movements and centre time) were then
monitored and recorded over a 120-min period.

Barnes maze test

The Barnes maze tesk was conducted on ‘dry land’, a white tircular
surface, 1.0 m in diameter, with 12 holes equally spaced around the
perimeter (O'Hara & Co., Tokyo, Japan). A black Plexiglass escape
box (17 x 13 x 7 cm), which had paper cage bedding on its bottom,
was located under one of the holes. The hole above the escape
box represented the target, analogous to thée hidden platform in the
Morris task. The location of the target was consistent for a. given
mouse but randomized across mice. The maze was rotated daily, with
the spatial location of the target unchanged with respect to the distal
visual room cues, to prevent a bias based on olfactory or the proximal
cues within the maze. The mice that could not find the tunnel were
guided to it and allowed to réemain there for 1 min. Two trials per
day were conducted for 10 successive days. Each trial ended when
the mouse entered the goal tunnel or after 5 min had elapsed. The
amount of time that the mice took 1o enter the tunnel {escape latency)
and the number of errors (defined by the animal placing its nose in a
hole that did not lead to the escape chamber) were recorded by IMAGE
BM software for each trial. On day 11, a probe test was conducted
without the escape box, to confirm that this spatial task had been
performed based on navigation using distal environment room cues.
Another probe trial was conducted 10 days after the last training
session to evaluste memory retention. The time spent around the
target hole was recorded in these probe tests by the software.

Startle response/prepulse inhibition test

The response to being acoustically startled and prepulse inhibition
(PPl of the acoustic startle response were measured using a startie
reflex measurement system. The test session began by placmg a
mouse in a Plexlgass cylinder and.leaving the mouse undisturbed
for 10 min. The smnle stimulus was white noise played for 40 msec-
onds at 110 or 120.dB, and the background noise level was 70 dB.
The prepulse sound was presented 100 mseconds before the startle
stimulus, for 40 mseconds, and its intensity was 74 or 78 dB. The
background noise level in each chamber was 70 dB. The peak startle
amplitude recorded during the 140 msecond sampling window was
used as the dependent variable. A test session consisted of six trial
types (i.e. two types for startle-stimulus-only trisls and four types for
PP1 trials). Four combinations of prepulse and startle stimuli were
used (74/110, 78/110, 74/120 and 78/120.dB). Six blocks of six differ-
ent trial types (four trial types with the combination of prepulse and
startlé stimulus and two startle-stimulus-only trials) were presenitedin
a pselidorandom order such that éach trial type was presentad once
within a block. The mean intertrial interval was 15 seconds (range

10--20.seconds). The startle amplitude (/max) Wa$ also determined.

After the test, mean values of /ya were calculated for the six trial.

types. The percentage PP was defined as [{/max (Startle stimulus)} -
{/max {prepulse and startle stimulus)})/inax (startle stimulus) x 100. .

Sensitivity to MK-801
To test the locomotor-activating effects of MK-801, the mice were
habltuated to an open field for 1 h and then MK-801 was administered

i.p. at0.26 mg per 1 kg of bodeelghtafter being dissolved in saline.
A dose of 0.2 mg/kg MK-801 is sufficient to observe the locomotor
hyperactivity-inducing efféct on mice (Karlsson et af. 2008). As ‘there
was a difference in baseline locomotor activity between genotypes,
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the ratio of activity during the hour after injection to the activity during
the hour before injection was used as an index of the locomotor-
activating effects of the drug.

T-maze test
The forced alternation test was conducted as previously described
{Takao etal. 2008). The maze was constructed of white plastics

.. runways. with walls 25-cm high and partitioned into the right and left

arms (11.5 x 20.5 cm) and the stem (13 x 24 ¢m) area by automated
sliding doors. The end of @ach arm was equipped with a food

- dispenser that was able to provide a food reward. The pellet sensors

were able to automatically record the pellet intake by the mice. After
making their arm choice, the mice wete sgble to return to the starting
compartment, namely the stem.of the T-maze, through a runway.
A variety of fixed extra-maze- clues surrounded the apparatus. The
mice were kept on a maintenance diet as described above. After
dieting, all mice underwent 3 days of habityation to the apparatus

.and received rewards (10-min of exposure to the maze each day, with

rewards placed at both ends of the T-maze). On the first {sample)
run of each trigl, both goal arms were baited, but the mouse was
forced to choose one of the goal arms (the other being blocked
by a removable door). After entering the preselected goal arm, the
mouse was allowed 20 seconds to consume the reward and.then
could go back to the start box. During the second run (choice), both
goal arms were open and the mouse was rewarded for choosing the
previously unvisited arm. The location of the sample arm (left or right}

‘was varied pseudorandomly across trials so that the mice received

equal numbers of left and right presentations, but no more than two
consecutive trials had the same sample location, These daily training
sessions were continued for 11 days, with 10 trials performed per
day. To set higher demands on working memory, intratrial intervals
between two runs (sample and choice) were set at 10, 30 and 60
seconds. Next, the mice were tested for Left-Right discrimination
in the T-maze (lkeda et a/.-2008). The mice were placed in the stem
of the T-maze. The door leading to the straight alley was opened and
the mice were able to freely choose either the right or left arm of the
T-maze. If a mouse chose the baited (correct) arm, it was allowed to

" consume the food reward. The mouse was then allowed to retumn

to the starting compartent. The correct arm was assigned to each
mouse randomly. On day 7, the correct arm was changed to test
reversal leaming.

Image and statistical analyses

The applications used for the behavioural studies were IMage LD,
Imace EP, IMace RM, Image £Z and IMAGE S|, which were written by
T. Miyakawa based onthe ‘public dornain NIH image programme
{developed at the US National Institutes of Health and available
on the intemet at http]/rsb.info.nih.govlnih-image/j and the ImageJ
programme (http://rab.info.nih.gov/ij), which was modified for each
test by T. Miyakawa (available through O'Hare & Co.). Statistical
analysis was conducted using Excel (Microsoft, Redmond, WA,
USA} and STATVIEW (SAS institute, Cray, NC; USA). Data were
analysed using the two-tailed t-test, one-way ANOVA, two-way ANOVA
or repeated-measures ANova and are presented as mean + SEM.

Result

Generation of GluR4 knockout mice
To disrupt the GluR4 locus, an isogenic targeting vector was

_designed to delete the M1 and the M2 domains, which are

encoded by exon 12 and are esseritial for the function of
the recaptor {Fig. 1a). Targeted disruption of the GluR4 gene
was oonﬁrmed by Southemn hybridlzatlon of tail genomlc
DNA (Fig. 1b).‘Western blot analysis of the brain sﬁecumens
with the antibody against the C-terminal domain of GluR4
showed no detectable GluR4 protein in the GluR4~/~ mouse
and reduced expression in the GluR4*/~ mouse (Fig. 1c).
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Figure 1: Targeted disruption of the GluR4 gene in the mouse. (a) Targeting of the GluR4 gene. The upper line represents the
targeting vector, the middle line represents the wild-type GluR4 gene allele and the lower line shows the mutated GluR4 gene
allele. The thick lines show genomic sequences with exons (filled square), whereas the thin lines show the bacterial plasmid portion.
Open squares represent a positive [polll-neo-poly (A)] and a negative (HSV-tk) selection cassette. The positions of the 5-flanking and
3'-flanking probes for Southern blot analysis are indicated. {b) Southern blot analysis of genomic DNA from mice. The DNA was cleaved
with Spel and probed with the external 3'-flanking probe. Restriction fragments of 19.7 kb from the wild-type allele and 12.2 kb from
the mutant allele were observed. (c) Western blot analysis of GluR4 subunit protein in the mice of each genotype. (d) Immunostaining
of AMPA receptor subunits (GluR4, GluR1 and GIuR2) in cerebral and cerebellar sections of the mouse with each genotype.

Immunohistochemical analysis of other AMPA receptor
subunits (GluR1 and GIuR2) in the cerebral and cerebellar
sections of the GIuR4~/~ mice brain showed that there was
no gross anatomical change in the hippocampus, neocortex
or cerebellar cortex of the GluR4™/~ mice brain, and no
abnormal distribution of GluR1 or GIuR2 was seen in any
layer of the GluR4~/~ mouse brain sections (Fig. 1d).

4

Electrophysiological properties of GluR4~/~ mice

GluR4 is a subunit of the AMPA receptors, which are
important for the expression of several forms of long-lasting
synaptic plasticity including LTP and LTD (Bear & Abraham
1996; Bliss & Collingridge 1993; Malenka & Nicoll 1999).
We investigated short- and long-term synaptic plasticity by
assessing the paired-pulse ratio (PPR) and LTP, respectively,
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in the CA1 region of the 9-week-old mouse hippocampus
{Fig. 2). We observed PPF in GluR4~/~ and GIuR4*+/+ mice,
but detected no differences in the amplitude of PPF between
the two genotypes (Fig. 2a). Regarding LTP, the EPSP slope
at 60 min after tetanus was normalized using the mean slope
before stimulation. There wete no statistically significant
differences in the LTP between two genotypes (Fig. 2b),
suggesting that GluR4 is not essential for LTP in the CA1
region of the hippocampus of 9-week-old mace

Generasl characteristics and anxiety-related
behaviour of GluR4~/~ mice

A behavioural test battery was conducted as described
previously (Yamasaki et al. 2008). We used male GluR4—/-
mice (n=16), which were backcrossed to the C57BL/6J
background for at least seven generations, and their 10-week-
old male GluR4+/+ littermates (n = 16). The mutant mice had
a normal body temperature (Fig. 3a) and showed no obvious
abnormalities on gross inspection of their fur, whiskers
and posture. The GluR4—/~ mice weighed approximately
10% less than their wild-type littermates [Fig. 3b; two-tailed
t-test, #(30) = 3.030, P = 0.0050, n = 16 each). Casual trials
of righting reflex, whisker touch reflex, ear twitch reflex
and the response to key jangling were normal in all of
the mice. The results of the tests are open to the public

GluR4+/*L \/ LOmV  GluR4* {/‘ %

Cognitive impairment in GluR4 knockout mice

in the gene-brain-phenotyping database (http:/mww.mouse-
.phenotype. orgh.

The grip strength test showed a muscle weakness of the
GluR4~/~ mice compared with GluR4*/* mice [Fig. 3d; two-
tailed t-test, 1(30) = 2.920, P = 0.0066, n= 16 each] In the
wire hang test, however, there was no difference in the
latency until falling ‘between GIuR4~/~ and GluR4*/+ mice
{Fig. 3¢). This may be because of the low body weight of
GluR4~/- mice.

In the openield test, no mgnrﬁcant difference was
observed in the distance travelled and the stgreotyplc counts
between GIuR4—/~ and GIuR4*/+ mice (Flg 4a,d). The
vertical activity was reduced in the GluR4~/~'mice compared
with the controls [Fig. 4b; two-way regeated-measwes
ANOVA, F(1,30) = 9.902, P = 0.0037, n = 16 eachl. We also
examined the response 16 a novel environment of the mice
in the open-field test (Fig. 4c). There was no statistically
significant -difference between' the two groups. in the time
spent in the central area, suggesting that the GluR4—/—
mice showed a normal anxiety-like behaviour in a novel
environment. To further examine anxiety-related behaviour
of mutant mice, we performed the elevated plus maze test.
Again, no significant differences betweeh the GluR4—/~

.and GluR4+/* mice were found in any of the parameters
examined (Fig. S1). Although, in the light—dark transition test,
GluR4~/~ and GIuR4*/* mice (n = 16each) showed similar

_jmmv
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Figure 2: Electrophysiological analysis. (a) (top) Paired-pulse ratios assessed at 50 msecond intervals; scale: 1.0 mV, 20 mseconds.
(bottom) PPR values were calculated as the ratio of the second stimulus-evoked fEPSP peak divided by the first stimulus-evoked
fEPSP peak. Mean ratios from GluR4+/+ (open bar) and GIuR4~/~ (filled bar) slices of the relevant mice (n = 12 each). (b} (top) Average
traces. recorded at times 1 and 2; scale: 1.0 mV, 10 mseconds. (bottom) The arrow indicates the time when the tetanic stimuli were
applied. Regarding LTP, the normalized EPSP slope for the GluR4*/+ mice at 60 min after tetanus was 194 + 8.7% of the mean slope
before stimulation and that for GluR4~/~ mice was 210 % 10.4%. Although there was a slight difference in thé total ime-course of
EPSP slope in the GluR4~/~ mice, no statistically significant difference was observed in the magnitude of LTP obtained from GluR4*/+
and GluFi4“/ - glices (n = 9 each, P = 0.274). All data are expressed as mean + SEM and were analysed with the Student's t-test.
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Figure 3: General health and neurological screening in
GIuR4~/~ mice. (a) The GIuR4~/~ and GluR4*/* mice had similar
body temperatures. (b) The GluR4~/~ mice (filled bar} weighed
approximately 10% less than the GluR4+/+ mice (open bar)
{P = 0.0050). {c) In the wire hang test, the latency until falling
onto the bedding was similar in the GluR4~/~ and GluR4+/+
mice. (d) In the grip strength test, the GluR4~/~ mice showed
weaker muscular function of the forelimb (P = 0.0066).’

total distance travelled (Fig. S2a) and similar total time spent
in the lit compartment (Fig. S2b), the number of transitions
was lower in GluR4~/~ than GluR4*/* mice [Fig. S2c; two-
way anova, F(1,30) = 15.975, P=0.0004, n= 16 each).
The latency to the first transition also tends to increase
in GluR4—/~ mice (Fig. S2d), indicating that GluR4~/~ mice
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Figure 4: Locomotor activity of GluR4—/~ mice in the open-
field test. Time-course of distance travelled (a), vertical activity
{b), time spent in the central area (c) and stereotypic counts

(d) are shown (n = 16 each). The vertical activity was reduced

in the GluR4~/~ mice compared with the GluR4*/* mice (b,
P = 0.0037). Data are represented as mean + SEM.

showed an increase in anxiety-like behawour only against the
light.

Learning and memory skills of GluR4~/~ mice

AMPA receptors are involved in-learning.and memory in
the hippocampus through, the activation of N-methyl-D-
aspartate (NMDA) receptors. Therefore, it was intriguing
to test whether spatial learning and: memory functions
were affected in the GluR4~/~ mice. We examined the
performance of GluR4~/~ mice in the Barnes circular maze

" test, a hippocampus-dépendent’ cogﬁmve task that reqwres

spatial reference memory. Both the GluR4~/* and GluR4*/+
mice learned to locate the escape holé during the course of
the training period (days 1-10), as indicatéd by a progtessrve
reduction in their errors rates (errors were defined as Visits
to any non-target hole). In the training period, the GIUR4~/~
mice showed a significantly greater humber of errors than
the GluR4*/+ mice [Fig. 5a; two-way repeated-measures
ANOVA, £(1,30) =5.075, P=0.0317, n= 16 each]. In the
first probe test conducted 1 day after the last training test,
the GluR4~—/~ mice spent significantly less time around the
target hole than the GluR4+/+ mice [Fig. 5b; paired t-test,
t(30) = 2.133, P =0.0412, n= 16 each]. .In the second
probe test conducted 10 days after the last training test,
the GluR4~/~ and GluR4*/* mice (n = 16 each) performed
equally well (Fig. 5¢c). These results suggest that the loss of
GluR4 affected the acquisition of spatial reference memory,
but not the consolidation/retention.

Schizophrenia-related characteristics of GluR4-/-
mice

Prepulse inhibition of the acoustic startle response is
an index of sensorimotor- gating and is one of a few
neuropsychological measures in which humans and rodents
can be evaluated in a similar fashion, and impairment in PPl is
a prominent feature of schizophrenia symptomatology (Braff
& Geyer 1990). The startle response to acoustic stimulation at
110 and 120 dB in the GluR4=/~ mice was smaller than that
seen in the GluR4*+/* mice [Fig. 6a; overall ANOVA including all
four conditions, F(1,30) = 7.937, P = 0.0085, n = 16 each).
This could be because of the effects of low body weight and
weakened muscle strength on the amplitude of whole body
flinching. We cannot rule out a possibility of hearing deficit
of GIluR4 knockout mice. However, even if it exists, hearing
ability of the mice might not be impaired severely, because of
the fact that the startle response was observed at both sound
levels 110 and 120 dB in the GluR4~/~ mice. The intensity of
the prepulse sound was 74 or 78 dB and four combinations
of prepulse and startling stimuli were used (74/110, 78/110,
74/120 and 78/120 dB). The percentage PPl was significantly
lower in the GluR4~/~ mice-than: in the. controls (Fig. 6b).
The difference between genotypes was. gréater ‘when
the 74/110 and 78/110 dB combinations of prepulse/startle
stimuli were used [overall ANOVA including all four conditions,
F(1,30) =6.733, P=0.0145, n= 16-each], indicating-that
the GIuR4—/~ mice showed dramatically impaired PP, ‘a
schizophrenia endophenotype. At the stimuliis intensity of
120 dB, no significant difference between the genotypes
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Figure 5: GluR4~/~ mice in the Barnes maze.
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0.0317, n= 16 each). The number of errors
decreased across training days in both the
GluR4~/~ and GluR4*/*+ mice. (b) The probe
test at one day after the last training day. The
GluR4~/~ mice spent significantly more time
around the target hole than the GluR4+/* mice
(P =0.0412). (c) The probe test at 10 days after
the last training day. There was no significant
difference in the time spent around the target
hole between the GIuR4—/~ and GluR4*/+ mice.
Values are given as mean + SEM.
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Figure 6: Startle response and the PPl in GluR4~/~ mice.
(a) Startle amplitude was significantly decreased in the GluR4~/~
mice (P.=0.0085, n= 16 each). (b) The percentage PPl was
significantly lower in the GIuR4~/~ mice compared with that
in the controls when the startle stimulus intensity was 110 dB
(P =0.0145, n = 16 each). Data represent mean + SEM.

was observed, probably because of a ceiling effect caused
by the strong intensity of the startle stimulus.

Sensitivity to the NMDA receptor antagonist MK-801
is increased in schizophrenia patients (Lieberman etal.
1987). To investigate the effects of NMDA receptor
antagonism in GluR4~/~ mice, we assessed the locomotor
stimulatory effects of MK-801. Interestingly, the peaks of
the GluR4~/~ mice in the total distance travelled [Fig. 73;
two-way repeated-measures ANOVA, genotype X time
interaction, F(16, 224) = 2.235, P = 0.0051, n = 8 each] and
the stereotypic counts [Fig. 7d; two-way repeated-measures
ANOVA, genotype X time interaction, F(16,224) = 10.301,
P < 0.0001, n= 18 each] after treatment with MK-801 were

seen 15 min sooner than in their controls. Although these -

results may only indicate a pharmacokinetic effect and do
not represent classic increases in sensitivity to MK-801 of
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GluR4~/~ mice, the data conceivably suggest that GluR4—/~
mice have a higher sensitivity to MK-801 as observed in
patients with schizophrenia. The vertical activity of GluR4~/~
mice was low before administration of MK-801 [Fig. 7b; two-
way repeated-measures ANOVA, genotype. X time interaction,
F(16,224) = 3.734, P < 0.0001, n = 8 each], corresponding
to the results obtained from the open-field test (Fig. 4b).
There was no significant difference between the mutant and
control mice in the time-spent in the central area (Fig. 7c).
We further examined other schizophrenia-related phe-
notypes in GIuR4~/~ mice: increased locomotor activity,

-decreased social behaviour ‘and-deficits in spatial working

memory. There was no significant difference between the
mutant and control mice in the distance travelled in the
open-field test (Fig. 4a), indicating that the GluR4~/~ mice
exhibited normal spontaneous locomotor activity.

We also monitored the basal activity levels of the mice in
a familiar environment. The activity of the GluR4~/~ mice in
the home-cage behavioural test was similar to that of the
GluR4*/+mice (Fig, $3).-Both the GluR4~/~ and GluR4+/+
mice had a characteristic ‘circadian rhythm and. showed a
higher activity level during  the dark: phase of the cycle
(Fig. S3a). Social- interaction with a familiar cagemate in
the home cage was similar between .the  GluR4~/~ and
GluR4+/+ mice (Fig. S3b). The mean duration per contact
was significantly increased in the GluR4~/~ mice in the social
interaction test [Fig. S4d; two-way ANova, F(1, 13) = 6.086,
P =0.0283, n=8 (GluR4*/*), 7 (GIuR4~/~) pairs) and the
total duration of contact tends to increase-in the GluR4—/~
mice (Fig. S4a), suggesting that the social behaviour of the
GIuR4~/~ mice was slightly improved.

To examine whether the lack of the GluR4 subunit was
associated with changes in: spatial'working memory, which

-requires hippocampal function (Olton et al. 1978), the mice
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Figure 7: Locomotor-activating effects of MK-801. Time-course of distance travelled (a), vertical activity (b), time spent in the central
area (c) and stereotypic counts (d) were shown [GluR4~/~ mice with saline (filled circles), GIluR4~/~ mice with MK-801 (filled triangles),
GluR4+/+ mice with saline (open circles) and controls with MK-801 (open triangles), n = 8 eachl. The arrows indicate the time when
MK-801 was administered i.p. (0.25 mg/kg) (t = 60 min). The locomotor stimulatory effect of MK-801 was significantly faster in the
GluR4~/~ mice compared with that in the controls (a, P = 0.0051: d, P < 0.0001).

were subjected to the T-maze and eight-arm radial maze
tests. The T-maze experiments were performed with food-
restricted mice, using food pellets placed at the ends of

the two arms of the T-maze. The mice were subjected to

daily training sessions consisting of 10 consecutive test trials
in which the mice had to remember the location of the
previously visited arm to obtain a food reward. During the
11-day ‘training period, the GluR4—/~ and GluR4*/* mice
gradually improved their performance (Fig. 8a). Interestingly,
the GluR4—/~ mice showed significantly higher performance
in the number of correct choices made throughout the
training period than the GluR4+/* mice [Fig. 8a; two-way
repeated-measures ANOVA, F(1,30) =4.918, P =0.0343,
n =16 each). However, when using 10, 30 and 60 second
delays as intratrial intervals, the two groups did not differ
significantly in their number of correct choices (Fig. 8b),
indicating that the GluR4~/~ mice showed improved spatial
working memory only in the task with no delay. We then
performed the Left-Right discrimination test in the T-maze.
In the first 6 days, in which the baited arm was fixed to one
side, both the GluR4~/~ and GluR4*/*+ mice showed similar
laterality (Fig. 8c). After day 7, the baited arm was changed
and the number of correct choices was significantly higher in
the GIuR4~/~ than the GluR4*/* mice [Fig. 8c; two-way
repeated-measures ANOVA, F(1,30)=5.540, P =0.0253,
n = 16 eachl. This result indicates that GluR4—/~ mice have
a weaker perseveration tendency and higher behavioural
flexibility than their controls. We then tested these animals
with the eight-arm radial maze test and observed no
significant difference in learning or memory performances
between the GluR4~/~ and GluR4*/* mice (Fig. S6). The
results obtained from the T-maze and the eight-arm radial
maze tests indicate that the lack of the GluR4 subunit mildly
improves the spatial working memory.

Discussion

In this study, we subjected GluR4-deficient mice to a
comprehensive behavioural test battery and showed that
they exhibited schizophrenia-related phenotypes: drastically
impaired PP of the acoustic startle response and enhanced
sensitivity to the locomotor stimulatory effects of a NMDA
receptor antagonist, MK-801.

PPI of the acoustic startle reflex is a measure of senso-
rimotor gating, a pre-attentional inhibitory brain mechanism
to filtrate extraneous stimuli from the outside (Geyer et al.
2001). The impaired PPl has been reported in individuals
with a range of psychiatric and neurological disorders and
most evidence was observed in schizophrenia (Braff et al.
2001). PPI can be tested in a similar fashion in humans
and rodents. As a reproducible phenotypic marker, impaired
PPl is regarded as a neurophysiological endophenotype of
schizophrenia (Turetsky et al. 2007). For this reason, it has
been widely used to study the neurobiology of schizophrenia
and the effects of medications against it (Dawson et al. 2000;
Ellenbroek et al. 1995; Geyer et al. 2001, 2002; Swerdlow
et al. 2000).-Many reports have shown that phencyclidine and
other non-competitive NMDA receptors antagonists, such as
dizocilpine and ketamine, potently disrupt PPI (Geyer et al.
2001; Mansbach & Geyer 1989). Furthermore, it has been
reported that mice lacking the GIuR subunit of AMPA recep-
tor (Wiedholz et al. 2008) and the group | metabotropic gluta-
mate receptors (mGIuR1 and mGIuRS) exhibit PPI disruption
(Brody & Geyer 2004; Brody et al. 2003, 2004). in this
study, GluR4 knockout mice also showed strong PPl deficits
(Fig. 6b), indicating that the glutamatergic dysfunction may
contribute to the impairment of PPI. The GluR4 KO mice
developed by Deltagen do not seem to show any PPl deficit,
atleastaccording to the information provided by the company
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Figure 8: Performance in the T-maze test in GluR4~/~ mice.
T-maze experiments (spatial delayed alternation task) were
performed as described in Materials and Methods section.
(@) The GIluR4~/~ mice (filled circle) showed significantly higher
performance in the number of correct choices than GluR4+/+
mice (open circle) (P = 0.0343). (b) In contrast, in sessions with
a 10, 30 or 60 seconds delay, the two groups did not differ
significantly in the.number of ¢orrect choices. Values represent
the percentage of correct choices per session (maximum
possible number of correct choices, 10). (c) Behavioural laterality
and preservation tendency in the T-maze test. In the first 6 days,
when the baited arm was fixed to one side, the GluR4—/-
and GluR4t/+ mice showed similar laterality. However, in the
following 7 days as indicated by an arrow, when the baited arm
was changed to the opposite side, the correct choice percentage
was significantly higher in the GluR4—/~ than the GluR4+/* mice
(P = 0.0253). Data are given as mean + SEM (n = 16each).

{http://www.informatics.jax.org/external/ko/deltagen/1624.
html). This discrepancy might be because of difference in
genetic backgrounds between the GluR4 knockout mice of
Deltagen and of ours. The strain-dependent change in PPI
was observed among inbred mouse strains (Pletropaolo &
Crusio 2009).

Sensitivity to MK-801 is increased in individuals with
schizophrenia (Lieberman et al. 1987} as well as in several
mouse models of this condition: calcineurin knockout mice
(Miyakawa et al. 2003), Prodhknockdown mice (Paterlini
etal. 2005) and NCAM-EC transgenic mice (Pillai-Nair
et al. 2005). GluR4 knockout mice also showed increased
sensitivity to the locomotor stimulatory effects of MK-801
(Fig. 7). In contrast to the observation, mice lacking GluR1,
one of the major subunits of the AMPA receptor, showing
impaired PPI did not exhibit a locomotor-stimulant response
to MK-801 (Wiedholz et al. 2008). In this study, the results
suggest that two behavioural abnormalities observed in
GluR4-deficient mice may not be because of a secondary
effect to functions of the GluR1 subunit in AMPA receptors.

Although GluR4 knockout mice exhibited two schizophre-
nia-related phenotypes: impaired PPl and high sensitiv-
ity to MK-801, the GluR4-deficient mice did not manifest
other major schizophrenia-related phenotypes: increased
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locomotor activity, decreased social behaviour and impair-
ment of spatial ‘working memory. - Glutamatergic dys-
function because of the loss of GluR4 leading to the
schizophrenia endophenotypes is not sufficient to cause

.the behavioural abnomalities related: to- clinical symptoms,

such as decreased social interaction, which: may require
additional genetic factors and/or environmental factors to
establish schizophrenia phenotypes because of the multi-
factorial background of schizophrenia pathogenesis. In fact,
according to the results from recent genome-wide-associ-
ation ‘studies, there could be potentially thousands of very
small individual effects: that collectively ‘account for a sub-
stantial proportion of variation in risk of schizophrenia (The
International Schizophrenia Consortium 2009).

The GluR1-deficient mice showed locometor hyperactivity
during exposure to open field and in response to a
novel object ‘and disorganized - social behaviours during a
dyadic conspecific encounter.. Either abnormality was not
observed in GluR4-deficient mice. - Open-field ‘locomotor
hyperactivity in GluR1-deficient mice was normalized by

"treatment with the dopamine (DA) antagonist and neuroleptic

haloperidol. Retarded clearance of DA was inferred by in
vivo chronoamperometric measurement of extracellular DA
clearance in the striatum of GluR1-deficient mice (Wiedholz
etal. 2008). The absence of some schizophrenia-related
behavioural abnormalities such as locomotor hyperactivity in

. GluR4-deficient mice might be because of loss-of dysfunction

of the DA circuit. Further studies addressing extracellular DA
clearance in GluR4-deficient mice are needed.

In early postnatal development of the . hippocampus,
GluR4-containing AMPA receptors are initially selectively
delivered to synapses and are subsequently exchanged with
GluR2-containing AMPA receptors (Zhu et al. 2000). The
GIuR2 subunit plays a crucial role in determining the Ca?+-
impermeability of AMPA receptor complexes and is involved
in the expression of LTP (Tanaka et al.-2000). In fact, GluR2-
deficient -mice showed:enhanced-LTP in the CA1 region of
the hippocampus (Jia et al. 1996). We therefore: expected
that GluR4-deficient mice might present sorie'abnormalities
in synaptic plasticity or development of the functional neural
circuitry in the hippocampus. However, there was no striking
difference in the magnitude of LTP {Fig. 2b) and in the
distribution of GIuR2 in the hippocampus (Fig. 1d) between
the GluR4-deficient and wild-type mice. Therefore, GluR2
recruitment in the early stage of development may be
accomplished with other substitute molecules in GluR4
knockout mice.

Recently, Beyer et al. (2008) found that a major suscepti-

- bility locus for absence epilepsy (spkw1). is associated with

Gria4. The GluR4 knockout mice developed by Deltagen
showed frequent spike-wave discharges (SWD), character-
istic of absence epilépsy. We have not examined the SWD
of our GluR4-deficient mice, because we have no apparatus
available for the electroencephalogram analysis.
interestingly, mild improvement of spatial working memory
was observed in GluR4-deficient mice in the T-maze test
(Fig, 8a). The retention of spatial’ reference memory was
intact in the mutant mice, while the acquisition of spatial
reference memory was impaired in the Bames circular maze
test (Fig. 5a). These observations suggest that GluR4 may
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be involved in both working and reference memories. In
GluR1-deficient mice impaired spatial working memory and
intact spatial reference memory were reported (Schmitt
et al. 2004; Zamanillo et al. 1999). The mice lacking GluR1
have deficits in hippocampal CA3-CA1 LTP (Zamanillo et al.
1999), suggesting the involvement of LTP in spatial working
memory. However, there was no statistically significant
difference in the LTP.observed in the electrophysiological
test of the hippocampus of GluR4-deficient mice (Fig. 2b).
Improved spatial working memory and no alteration in the
LTP. in the GIuR4 knockout mice might be because of
compensatory mechanisms for other glutamate receptor
subunits in the GluR4 knockout mice, although no abnormal
distribution of GluR1 was observed in the hippocampus of
the knockout mice.

Further evaluation of the molecular and physiological
properties of GluR4-deficient mice could provide new
insights into psychiatric disorders with which patients show
PP! impairments and functions of GIuR4 in the cognitive
system as well.
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Figure S$1: Emotional behaviour in the elevated plus maze
test. The total number of arm entries (a), the percentage
of open arm entries (b), the distance travelled (c) and the
percentage of time spent in the open arms (d) in the elevated

.plus maze test are shown (n= 15 each). No significant

differences between GIluR4—/~ and GluR4*/* mice were
found in the four parameters examined.

Figure S2: Anxiety-related behaviour in the light—dark
transition. GluR4~/~ and GluR4*/* mice {(n = 16 each) were
examined for four parameters: total distance travelled (a),
total time spent in the lit compartment (b), the numbers
of transitions (c) and latency to the first transition (d). Only
the number of transitions was lower in GluR4—/~ mice than
controls (c, P = 0.0004).

Figure 83: Home-cage activity in GIluR4~/~ mice. Two
animals of the same genotype were put in a cage and their
activity was monitored over approximately 7.5-day period.
{a) The home-cage activity of the GluR4~/~ mice was similar
to that of the GluR4+/* mice (n = 8 each). Activity levels are
expressed in arbitrary units integrated for each hour. (b) The
social interaction was expressed as the number of particles
in the image of the cage as viewed by automatic detection.
When the animals were separated, two particles were seen,
and when they were together, only one was observed. Each
dot indicates mean per hour. There was no difference in the
social interaction with their cagemate between the GluR4~/~
and GluR4*/+ mice.

Figure §4: Social interaction test in GIuR4~/~ mice. The
total duration of contact (a), number of contacts (b), total
duration of active contacts (c), mean duration per contact
(d) and distance travelled (e) are shown (pairs of GluR4~/~
mice: n = 7; pairs of GluR4*/* mice: n = 8). Only the mean
duration per contact increased in the GluR4~/~ mice (d,
P = 0.0283).

Figure S5: Intact learning and memory in GluR4~/~ mice
in the eight-arm radial maze. The learning ability of GluR4~/~
mice was tested using an eight-arm radial maze. The number
of different ams chosen within the first eight choices .(a),
number of revisiting errors (b) and latency to obtain all
pellets (c) are shown. No significant differences between
the GIuR4~/~ and GluR4*/+ mice were found in any of the
parameters examined.
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Escherichia coli MutT hydrolyzes
8-0x0-dGTP to 8-oxo-dGMP—an event that
can prevent the misincorporation of
8-oxoguanine opposite adenine in DNA. Of
the several enzymes that recognize
8-oxoguanine, MutT exhibits high substrate
specificity for 8-oxoguanine nucleotides;
however, the structural basis for this
specificity is unknown. The crystal structures
of MutT in the apo and holo forms and in the
binary and ternary forms complexed with the
product 8-0x0-dGMP and 8-ox0-dGMP plus
Mn*’, respectively, were determined. MutT
strictly recognizes the overall conformation of
8-0x0-dGMP through a number of hydrogen
bonds. This recognition mode revealed that
8-oxoguanine nucleotides are discriminated
from guanine nucleotides by not only the
hydrogen bond between the N7-H and O8
(N119) atoms but also by the syn glycosidic
conformation that 8-oxoguanine nucleotides
prefer. Nevertheless, these discrimination
factors cannot by themselves explain the
roughly 34,000-fold difference between the
affinity of MutT for 8-oxo-dGMP and dGMP.
When the binary complex of MutT with
8-0x0-dGMP is compared to the ligand-free
form, ordering and considerable movement of
the flexible loops surrounding 8-0xo-dGMP in
the binary complex are observed. These
results indicate that MutT specifically
recognizes 8-oxoguanine nucleotides by the
ligand-induced conformational change.

Although spontaneous mutations are

indispensable to the evolutionary process of
living organisms, they can also be lethal to the
organism. Among the various modified bases in
DNA, RNA, and nucleotides, 8-oxoguanine
(8-0x0G)—a damaged form of guanine (G)
generated by reactive oxygen species—is known
to have highly mutagenic potency because of its
mispairing with adenine. Therefore, organisms
have an error avoidance pathway for preventing
mutations caused by 8-oxoG. The Escherichia
coli MutT protein (129 amino acids, M, =
14,900) hydrolyzes 8-oxo-dGTP and 8-oxo-GTP
to their corresponding nucleoside
monophosphates and inorganic pyrophosphate in
the presence of Mg®* (1,2). Because 8-0x0-dGTP
and 8-0xo-GTP can be misincorporated opposite
adenine by DNA and RNA polymerases, the
hydrolysis of the damaged nucleotides by MutT
can avoid replicational and transcriptional errors.
In DNA, 8-0x0G paired with cytosine is excised
by MutM, an 8-0xoG DNA glycosylase, while
MutY, an adenine DNA glycosylase, removes
adenine paired with 8-0x0G (3-6).

The substrate specificities of enzymes that
recognize 8-0xoG are quite varied. MutT
exhibits high substrate specificity for 8-oxoG
nucleotides; that is, the K, for 8-0xo-dGTP is
14,000-fold lower than that for dGTP (7). In
contrast, human MutT homologue 1 (hMTHI)
hydrolyzes not only 8-oxo-dGTP but also several
oxidized purine nucleotides such as 2-oxo-dATP,
2-0x0-ATP, 8-0x0-dATP, and 8-oxo-ATP. In
terms of the hydrolysis of 8-0xo-dGTP, the K,
of hMTH1 for 8-0x0-dGTP is only 17-fold lower
than that for dGTP (8,9). The solution structure
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of hMTHI1 as determined by nuclear magnetic
resonance (NMR) has revealed its overall
architecture and possible substrate-binding
region (10); however, the broad substrate
recognition mechanism of hMTHI remains to be
elucidated. MutM and MutY also have low
specificity for 8-0xoG. For example, MutM can
recognize a variety of damaged bases such as
formamidopyrimidine, 5-hydroxycytosine, and
dihydrouracil in addition to 8-oxoG (11-13), and
MutY shows a kinetic preference for A:8-0xoG
that is only 6-fold greater than that for A:G (14).

The crystal structures of OGG1, MutM, and
MutY complexed with 8-oxoG-containing DNA
(13,15,16) have revealed that, interestingly,
OGG1 and MutM do not recognize the O8 atom,
which is the most characteristic feature of the
8-0xoG moiety, and the interaction observed
between the O8 atom and the main chain atom
of MutY is relatively weak. Alternatively, OGG1,
MutM, and MutY commonly discriminate
8-oxoG from G by the protonation at N7
accompanied by the oxidation of C8. Structural
studies on various enzymes that recognize
8-0xoG have succeeded in explaining the
mechanism by which 8-0x0G is discriminated
from normal G in DNA, but one of the most
interesting questions to be elucidated is the
mechanism by which MutT acquires extremely
high substrate specificity for 8-0xoG compared
to the other enzymes.

MutT belongs to the Nudix (nucleoside
diphosphate linked to some other moiety, X)
hydrolase family (17). Nudix family members
have a highly conserved MutT signature (Nudix
motif); i.e., GXsEX;REUXEEXGU, where U is
a hydrophobic residue and X is any amino acid.
Current genome analyses have found a large
number of open reading frames containing the
MutT signature, but their functions, i.e., their
substrates, are not identified in the case of
almost all these proteins because of a lack of
homology outside the MutT signature. MutT is
the most examined protein in this family. Its
structure was first determined by NMR (18) and
has greatly contributed to the study of the Nudix
hydrolase family. NMR studies of MutT with its
product, 8-oxo-dGMP, have predicted several
recognition models of 8-oxo-dGMP (19).
However, the precise recognition mechanism of

8-0x0G nucleotides remains unclear. Therefore,
it is necessary to determine the crystal structures
of MutT in order to explain the extremely high
substrate specificity of MutT for 8-oxoG
nucleotides.

Here, we present X-ray crystallographic
analyses of the apo enzyme; the Mn”*-bound
holo enzyme (MutT-Mn?"); the binary complex
with  8-0x0-dGMP, a reaction product
(MutT-8-0x0-dGMP); and the tertiary complex
with 8-0x0-dGMP and Mn**
(MutT-8-0x0-dGMP-Mn’"). These structures
have revealed the mechanism of the extremely
high substrate specificity of MutT for 8-0xoG
nucleotides and have allowed us to propose the
exact roles of some conserved residues in the

MutT signature.
EXPERIMENTAL PROCEDURES

Protein expression and purification— The
E. coli strain BL21 (DE3) harboring a newly
constructed pET8c¢/MutT plasmid was used for
the expression of native and selenomethionine
(SeMet)-substituted MutTs. Native MutT was
overexpressed in Luria-Bertani (LB) broth, and
SeMet MutT was overexpressed in LeMaster
broth containing seleno-DL-methionine instead
of methionine with sufficient amounts of
isoleucine, lysine, and threonine to inhibit the
methionine pathway (20,21). This condition was
also present in the overexpression of SeMet
hMTHI1 (22). Purification of MutT was carried
out by almost the same procedure (except that
the hydroxylapatite column chromatography step
was skipped), as described previously (23).
Diethylaminoethyl (DEAE) Sepharose and the
HiPrep 16/60 Sephacryl S-200 HR column were
substituted for DEAE Sephacel and the
Sephadex G75 column, respectively. The

purified protein solution was concentrated to

approximately 6 mg/mL.

Crystallization—  The  native  and
SeMet-substituted apo forms and all complexes
were crystallized by hanging-drop vapor
diffusion at 288 K. Crystals of native and
SeMet-substituted forms were obtained from a
droplet containing 3 mg/mL protein, 10 mM
Tris-HCl (pH 7.5), 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 2.5%
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glycerol, 0.5 mM 2-mercaptoethanol, 0.7 M
potassium sodium tartrate, and 44 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)-NaOH (pH 7.5) equilibrated

- against a reservoir containing 1.4 M potassium

sodium tartrate and 87 mM HEPES-NaOH (pH
7.5). Crystals of MutT-Mn®" were obtained in the
same manner, as described above, except that 10
mM MnCl, was added to the droplet. The
crystallizations of MutT-8-0x0o-dGMP and
MutT-8-0x0-dGMP-Mn*"  were  described
previously (24). The crystals were transferred to
a cryosolution of each reservoir containing 30%
sucrose and were then flash-frozen.

Data collection, processing, phasing, and
structure refinement— Diffraction data were
collected at 100 K on beamlines 18B of Photon
Factory (Tsukuba, Japan) and on beamlines
41XU, 44XU, 38Bl1, and 40B2 of SPring-8
(Harima, Japan). The data of native and
SeMet-derivative forms were processed and
scaled by DSP/MOSFLM and SCALA (25). The
data of MutT-Mn** was processed and scaled by
DENZO and SCALEPACK (26). There are two
molecules in the asymmetric unit with Vi of 2.2

(native MutT) and 2.5 (MutT-Mn?") A*Da™' (27).

Data collection statistics of the best data used for
structure determination and refinements are
listed in Table 1. Data collection statistics of
MutT-8-0x0-dGMP and
MutT-8-0x0-dGMP-Mn*" are quoted from the
reference by Nakamura et al., 2004 (24).

The positions of eight selenium atoms were
determined using SOLVE (28). The initial
phases were calculated using MLPHARE (29)
and improved using DM (30). The initial model
was built using TOM (31) and O (32). The
model was refined using X-PLOR (33) and CNS
(34). Using the model of SeMet derivative, the
successive refinement of native MutT converged
at an R value of 20.4% and an Ry of 23.1% for
reflections in the resolution range 20-1.8 A. The
structure of MutT-8-0xo-dGMP was solved by
molecular replacement with AMoRe (35) using
the structure of the native apo form as a search
model. The 2F, - F, maps after CNS
refinements clearly showed the density for
8-0x0-dGMP and the conformationally changed
loop regions (L-A and L-D). These regions were
manually built and fitted into the density with O.

The structure of MutT-8-ox0-dGMP-Mn*" was
refined starting with the coordinates of the
MutT-8-0x0-dGMP. The structure of MutT-Mn?*
was solved by molecular replacement with
AMoRe by using the structure of the apo form as
a search model. The stereochemical qualities of
the structures were checked by PROCHECK
(36); the refinement statistics are listed in Table
2. Superposition of MutT structures were carried
out using Lsgkab (37). All molecular graphics
were prepared using PyMOL (38).

RESULTS AND DISCUSSION

Overall  structures of MutT  and
MutT-8-0x0-dGMP— The crystal structures of
the MutT apo and MutT-8-0x0-dGMP complex
forms were determined at a resolution of 1.8 and
1.96 A, respectively. MutT is composed of two
a-helices (a-1 and a.-2) and six B-strands (B-1 to
B-6) (Fig. 1 and 2A); it adopts an a-B-a
sandwich structure that is conserved among
members of the Nudix family. The Nudix motif
(23 residues from Gly38 to Leu60), ie., the
MutT  signature (GX;EX;REUXEEXGU),
adopts the characteristic strand-loop-helix-loop
(SLHL) structure formed by B-3', L-B, a-1, and
L-C (39,40). The crystal of the apo form
contains two protein molecules per asymmetric
unit, and they are very similar to each other with
root-mean-square deviation (rmsd) of 0.5 A for
the corresponding 121 Ca atoms. For simplicity,
only one molecule will be referred to in all
further discussions. MutT exists as a monomer,
which is found in the MutT-8-0x0-dGMP crystal.

In the apo form, the electron densities of
L-A connecting B-2 and B-3 are not available,
indicating that the L-A loop region has a highly
flexible conformation (Fig. 2A). On the other
hand, in the MutT-8-0x0-dGMP complex, the
ordering of the flexible L-A loop by interactions
with 8-0x0-dGMP is observed (Fig. 2B, C). The
plot of the displacement between the Co. atoms
of the apo and complex forms is shown in
supplemental Fig. SIA. The movements of the
L-A and L-D regions are large (ca. 8~10 A) (Fig.
2C, S1A). Except for these loop regions, the two
forms have a similar structure with rmsd of 0.9
A for the corresponding 101 Co atoms.

A structural similarity search performed by
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the DALI server (41) using the coordinates of
MutT-8-0x0-dGMP indicated that 62 proteins
(154 protein data bank [PDB] IDs, 278 protein
chains) are structural homologs of MutT with
Z-scores of >6.0 and belong to the Nudix
superfamily with the Nudix fold. The MutT
structure, with two o-helices and six [-strands,
comprises the smallest structural unit among
members of the Nudix superfamily. Of 62
proteins, half have unknown functions.
Structures that are highly similar to the MutT
complex form are the monomer structures of
Bdellovibrio bacteriovorus RNA
pyrophosphohydrolase; i.e., BdRppH in the
ternary and binary forms complexed with GTP
and Mg”* (BdRppH-GTP-Mg**, 3FFU, rmsd =
1.8 A, Z = 19.0) and with dGTP (BdRppH-dGTP,
3EF5, msd = 1.9 A, Z = 18.3) (40) and
unknown proteins from Bartonella henselae
(B3HHJ, msd = 1.8 A, Z = 19.8) and
Methanosarcina mazei (3GRN, rmsd = 2.1 A, Z
= 17.5), respectively. In MutT, the rmsd is rather
large: 3.3A for 120 Co atoms between the X-ray
and NMR structures in the ligand-free form and
3.5A for 127 Co. atoms between structures in the
complex form (PDB ID: IMUT and 1PUS)
(18,19).

Recognition scheme of 8-oxo-dGMP by
MutT— When 8-0x0-dGMP binds to MutT,
large ligand-induced conformational changes
occur in the L-A and L-D regions, namely, the
ordering of the flexible L-A loop and
considerable movement of L-A and L-D to the
surrounding 8-oxo-dGMP (Fig. 2C, 3A). The
side chains of Arg23 and His28 on L-A form
hydrogen-bonding interactions with phosphate
and sugar moieties of 8-oxo-dGMP, respectively,
whereas Arg78 interacts with the sugar moiety
through a water-mediated hydrogen bond. Asp77
and Arg78 make two hydrogen bonds between
their side chains. The conformational change of
the L-A and L-D regions also produces the water
molecule-mediated interaction between His28
and Asp77 and the CH-m interaction between
His28 and Phe75 (Fig. 3A, S2). Thus, the loops
L-A and L-D connect to each other, resulting in
the formation of a cave composed of B-1, -3,
B-3', B-5, and a-2 for substrate binding (Fig. 3B).
8-Ox0-dGMP is inserted deeply into the cave in
which the wall on one side is filled with

hydrophobic residues (Leud, Ile6, Val8, 11e80,
and Leu82), and the other side and bottom
include some polar residues (Arg23 and Asn119).
The 8-0xoG base and the deoxyribose are
perfectly buried, and the phosphate group faces
the solvents (Fig. 3B). The glycosidic
conformation of 8-0xo-dGMP bound to MutT is
syn. This fact is consistent with the first
suggestion by Bessman et al. that MutT may
recognize the syn conformation because the
8-substituted purine nucleotides were better
substrates compared with the normal purine
nucleotides (42). The sugar ring puckering and
the sugar-phosphate backbone conformation of
8-0x0-dGMP are C2-end and gauche -trans,
respectively. These conformations are generally
observed in 8-substituted purine nucleosides and
S'-nucleotides (43).

These  ligand-induced  conformational
changes result in the strict recognition of the
overall structure of 8-0xo-dGMP by MutT
through a number of hydrogen bonds (Fig. 3C).
The characteristic features of the 8-0xoG base
are the oxygen atom (O8) at C8 and the
hydrogen atom (N7-H) at N7 accompanied by
oxidation. MutT recognizes N7-H of 8-0x0G by
a hydrogen bond with O of Asn119 (Fig. 3C, a
red dashed line). The 8-o0xoG base is also
recognized by hydrogen bonds with Asnl19 and
Phe35; i.e., the N3 of Asnl19 forms a hydrogen
bond with O6 of 8-0xoG, and the main chain
atoms of Phe35 participate in three types of
hydrogen bonds with N2-H, N1-H, and O6. On
the other hand, the O8 atom does not form
hydrogen bonds with any amino acid residues
although it does participate in the weak C-H---O
interaction with the phenyl ring C-H of Phe75
(C---O distance, 3.4 A) and the van der Waals
interactions with the side chain C-H moieties of
Phe75, Prol16, Leu82, 11e80, and Alall8 (Fig.
3D). In addition, the carbonyl oxygen of Gly37
forms water molecule-mediated hydrogen bonds
with N2-H of 8-0x0G and the phosphate oxygen.
The side chain of His28 is directly
hydrogen-bonded to the O3’ atom of the
deoxyribose. The O3’ atom also forms a
hydrogen bond with a water molecule, binding
to the side chain of Arg78. The phosphate group
forms a hydrogen bond with the side chain of
Arg23 and a water molecule-mediated hydrogen
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