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Neuronal leucine-rich repeat proteins (NLRRs) are type I transmembrane proteins and expressed in
neuronal tissues, but their function remains unknown. Here, we describe the identification and characteriza-
tion of a new member of the NLRR family, NLRR4, and its potential role in long-lasting memory. We generated
NLRR4-deficient (NLRR4~/7) mice and found that they showed impaired memory retention. In hippocampus-
dependent learning tasks, NLRR4~'~ mice were able to learn and maintain the memories for one day but
unable to retain the memories for four days after learning. In contrast, in a hippocampus-independent task,
NLRR4~/~ mice were able to retain the memory normally for at least seven days. These results suggest that
NLRR4 plays a key role in hippocampus-dependent long-lasting memory.

The hippocampus plays a role in declarative memory such as
episodic and spatial memories, but unimodal memories such as
cued fear memories occur independently of the hippocampus.
Hippocampal lesions result in severe amnesia of contextual
and spatial learning and memory but do not affect normal
learning, as seen by the cued fear-conditioning test (3, 19, 24).
Memory formation can be divided into three phases by differ-
ences in the length of the time from acquisition; short-term
memory, long-term memory, and long-lasting memory (22).
New protein synthesis is not required for short-term memory
but is required for long-term memory (18, 21).

The hippocampus plays a role in the acquisition of short-
term memory and also for the conversion of short-term mem-
ory to long-term memory within several hours after acquisition,
a process known as cellular memory consolidation (22). Long-
term memory is converted to long-lasting memory that is per-
manently stored in the cortex (7, 8). This process is known as
system consolidation, and the memory acquired in the past is
kept intact even if the hippocampus is damaged. Some proteins
implicated in cellular memory consolidation have been re-
ported, such as N-methyl-p-aspartate receptor, calcium-calm-
odulin-dependent protein kinase IV (CaMKIV), and cyclic
AMP (cAMP)-responsive element-binding protein (CREB) in
mice (5, 16, 18, 26). Cellular consolidation requires new pro-
tein synthesis directed by CREB-mediated transcription.
a-Calcium-calmodulin-dependent protein kinase II (a«CaMKII)
is the only molecule known to be involved in system consoli-
dation, and «CaMKII heterozygous mice are defective in long-
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lasting memory and cortical long-term potentiation (7). How-
ever, how aCaMKII is involved in this process is not fully
understood.

In this study, we describe a novel type I transmembrane
protein termed NLRR4 which exhibits similarity to neuronal
leucine-rich repeat proteins NLRR1 to NLRR3. NLRR1 and
NLRR?2 are expressed in the developing nervous system (4, 14,
28, 29). NLRR3 is induced by brain injury and regulated by
Ras-mitogen-activated protein kinase signaling (9, 10, 15).
However, their functions remain to be studied. To uncover the
function of NLRR4 in vivo, we generated NLRR4-deficient
(NLRR4 /") mice by replacing its exons with the B-galactosi-
dase gene by homologous recombination. Homozygous
NLRR4 /™ mice were viable and fertile. We found that their
long-term memory in hippocampus-dependent tasks was se-
verely impaired, while hippocampal long-term potentiation
was intact. Interestingly, hippocampus-independent memory
assessed by the cued fear conditioning in NLRR4 ™/~ mice was
normal. These data indicate that NLRR4 is important for
maintenance of hippocampus-dependent memories.

MATERIALS AND METHODS

Mice. C57/BL6J and ICR mice were purchased from Nippon CLEA (Tokyo,
Japan) and mutant mice were maintained and mated in our animal facility. All
mice were housed in a specific-pathogen-free barrier animal facility. NLRR4~/~
mice were backcrossed to the C57BL/6J strain at least 6 times before being used
for behavioral and electrophysiological experiments. All experiments were per-
formed according to the guidelines of the Animal Care and Experimentation
Committee of University of Tokyo and Wakayama Medical University.

Expression cloning of NLRR4 ¢cDNA. Expression cloning of a cDNA encoding
the B61 antigen was carried out using COS7 cells and a cDNA library prepared
from LO cells as previously described (13). We used anti-rat immunoglobulin
G-conjugated magnetic beads and a magnetic cell sorter to enrich COS7 cells
expressing the B61 antigen. Plasmids recovered from enriched COS7 cells were
transfected in COS7 cells. By repeating this selection 3 times, we obtained a
c¢DNA encoding the B61 antigen NLRR4.
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FIG. 1. Structural properties of NLRR4. (a) The deduced amino acid sequences of mouse (upper) and human (lower) NLRR4. The putative
signal peptide is underlined, and the transmembrane region is boxed. Identical amino acid residues are indicated by dots, and the leucine-rich
repeats (LRRs) and fibronectin III (FN IIT) domains are indicated by the arrows underneath the sequences. (b) Structures of the NLRR family
members. All members are type I transmembrane proteins with leucine-rich repeats and fibronectin III motifs in their extracellular region. SP,
signal peptide; AF, amino-flanking region; CF, carboxy-flanking region; TM, transmembrane.

Northern blotting. Total RNA was extracted using Trizol reagent (Invitrogen)
and polyadenylated RNA was prepared from various tissues using an Oligo-
MAG mRNA purification kit (Takara) according to the manufacturer’s protocol.
Northern blot analysis was carried out as previously described by using digoxi-
genin-labeled single-stranded DNA probe.

Generation of NLRR4-deficient mice. To construct the NLRR4 targeting vec-
tor, overlapping NLRR4 genomic clones were isolated from a phage library
made from 129SV] strain mice (Stratagene). The targeting construct contained
the 5.5-kb 5" and 4.5-kb 3" homology regions and the 2.5-kb fragment containing

the exon with initiation codon was replaced with the B-galactosidase gene. The
neomycin resistance gene was inserted between the homologous regions, and the
herpes simplex virus thymidine kinase cassette was ligated to the 3’ end of the
vector. TT2 embryonic stem (ES) cells were electroporated and selected with
G418 and 2'-deoxy-2'-fluoro-B-p-arabinofuranosyl-5'-iodouracil. Drug-resistant
clones were analyzed by Southern blotting. BamHI- or EcoRI-digested genomic
DNA was hybridized with the 400-bp 3’ genomic fragment that corresponded to
genomic sequences outside of the targeting vector or 500-bp 5" genomic frag-
ment. Chimeric mice were generated by the aggregation method as previously
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FIG. 2. Expression of NLRR4. (a) Northern blot analysis of
NLRR4 mRNA in the adult brain. (b) Northern blot analysis of
NLRR4 in various adult mouse tissues. Polyadenylated RNA was
prepared from various parts of the adult brain or various adult tissues.
One pg of mRNA for each sample was separated on an agarose gel
and then transferred to a nylon membrane. After UV cross-linking, the
membrane was hybridized with a digoxigenin-labeled full-length
NLRR4 probe. The lower panel shows equal loading of the sample
hybridized with a glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe.

described (25). Genotyping of progenies was performed by Southern blot anal-
ysis using the 3’ probe or by PCR. The PCR-specific primers used were NLRR4S
(5'-TACGGACTCTCTCTGTGTAGGACTCCC-3"), NLRR4AS (5'-AGGTTG
TGACTGAGGTCGAGCTCAC-3'), NeoS (5'-ACGACGGGCGTTCCTTGC
GCAGCTGTG-3'), and NeoAS (5'-TCAGAAGAACTCGTCAAGAAGGCG
ATA-3")

Flow cytometry. Cells harvested from cultures were resuspended in phosphate-
buffered saline and filtered through 70-wm nylon mesh (cell strainer, Falcon) to
remove cell debris. The cells were then incubated with monoclonal antibodies for
30 min on ice and analyzed by fluorescence-activated cell sorting (Becton Dick-
inson)

B-Galactosidase staining of whole brains. For 3-galactosidase staining, brains
were fixed in phosphate-buffered saline containing 2% paraformaldehyde, 0.2%
glutaraldehyde, and 0.02% NP-40 and sectioned at 300-pm thickness by vi-
bratome. After washing, the sections were placed in staining buffer (44 mM
HEPES [pH 7.4], 3 mM potassium ferricyanide, 15 mM NaCl, 1.3 mM MgCl,, 0.5
mg/ml 5-bromo-4-chloro-3-indolyl-B- p-galactopyranoside [X-Gal] in phosphate-
buffered saline) at room temperature.

Contextual fear-conditioning tests. For each experiment, a mouse was placed
in the conditioning chamber and given a series of foot shocks alone (2-s duration,
0.3 mA, 1 min apart). To test its memory, the mouse was placed in the same
conditioning chamber and freezing responses were analyzed using Image FZC
(O’Hara & Co.), with modified software available in the public-domain National
Institutes of Health Image program. In the experiment, a mouse was trained by
three foot shocks and then its behavior was tested 1, 4, or 7 days after training.

Cued fear-conditioning tests. For training, a mouse was placed in the condi-
tioning chamber for 2 min before the onset of conditioned stimuli, a tone which
lasted for 30 s at 10 kHz and 70 dB. The last 2 s of the conditioned stimulus was
paired with am unconditioned stimulus, 0.3 mA of a continuous electric foot
shock. After an additional 30 s in the chamber, the mouse was returned to its
home cage. Four and seven days after training, the mouse was placed in a
different chamber in which the same tone as the conditioned stimuli was applied
for 120 s after a 1-min habituation period (preconditioned stimulus).

Morris water maze test. The water pool used in these experiments was 1 m in
diameter and made up of white polyvinyl chloride and the temperature of the
water was 27 = 1°C. For the hidden-platform task, an acrylic transparent plat-
form (10 cm in diameter) was submerged 5 mm below the surface of water that
was made opaque by adding nontoxic odorless white paint. The location of the
platform was fixed during the trials for each mouse. If it located the platform
within 60 s, it was kept on it for 30 s. Mice that failed to find the platform within
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60 s were guided to the platform and allowed to stay there for 30 s. Each mouse
was trained four trials per day for 5 consecutive days. A different starting point
was used for each of the trials. The time to reach the platform was recorded
(escape latency). Probe tests were performed at three time points (retention day)
after the last training. In the probe test, the platform was removed and the mice
were allowed to swim for 60 s. The swimming speed was calculated based on
movement data. For all experiments, the movement of each mouse was moni-
tored by a charge-coupled device camera and the data were processed with NIH
Image WM 2.12r (O’Hara & Co.).

Electrophysiology. All experiments were performed to compare NLRR4 ™/~
mice with wild-type mice in a blind fashion using male littermates. Nine- to
11-week-old NLRR4/~ and wild-type mice were decapitated under deep halo-
thane anesthesia, and both hippocampi were removed. Hippocampal slices (400
pm thick) were cut with a Vibratome tissue slicer and placed in a humidified
holding chamber for at least 2 h. A single slice was then transferred to a
recording chamber maintained at 25°C, and submerged beneath a continuously
perfusing medium that had been saturated with 95% O,/5% CO,. The medium
comprised 119 mM Na(l, 2.5 mM KCl, 1.3 mM MgSO,, 2.5 mM CaCl,, 1.0 mM
NaH,PO,, 26.2 mM NaHCO; and 11 mM glucose. All perfusing solutions con-
tained picrotoxin (100 pM) to block gamma-aminobutyric acid A receptor-
mediated inhibitory synaptic responses. Field potential recordings were made
using a glass electrode filled with 3 M NaCl and placed in the stratum radiatum
in the hippocampal CA1 region. An Axopatch-1D amplifier was used, and the
signal was filtered at 1 kHz and digitized at 10 kHz.

To evoke synaptic responses, a bipolar tungsten electrode was placed in the
stratum radiatum, and Schaffer collateral and commissural fibers were stimulated
at 0.1 Hz (test pulses). A single high-frequency stimulus train (100 Hz, 1 s) was
applied with the test pulse intensity to induce long-term potentiation. The input-
output relationship of basal synaptic responses was examined in the presence of
D-2-amino-5-phosphonovaleric acid (25 pM) to block N-methyl-p-aspartate re-
ceptor-mediated synaptic responses. A low concentration of 6-cyano-7-nitroqui-
noxaline-2,3-dione (1 wM) was also present to partially block alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors. This enables more
accurate measurements of the input-output relationship, since the presence of
low concentrations of 6-cyano-7-nitroquinoxaline-2,3-dione reduces the nonlin-
ear summation of field excitatory postsynaptic potentials when strong stimulus
strengths are used. For measurements of paired-pulse facilitation, afferent fibers
were stimulated twice at intervals of 50, 100, and 200 ms in the presence of 25
M D-2-amino-5-phosphonovaleric acid. All values were expressed as the mean
+ standard errors of the mean. Student’s ¢ test (two-tailed, unpaired) was used
to determine whether there was a significant difference in the means between two
sets of data.

RESULTS

Molecular cloning of the NLRR4 gene. In our studies on the
development of hematopoiesis, we generated a number of
monoclonal antibodies against LO cells (12), a hemangioblast-
like cell line. B61 is one such antibody and recognizes a cell
surface molecule on LO cells. We employed an expression
cloning strategy to identify the B61 antigen by using COS7 cells
and an expression library of LO cells, and we obtained a 2.7-kb
cDNA encoding the B61 antigen. While the B61 antigen was
highly expressed in the hemangioblast-like cell line LO, B61
mRNA was not found in hematopoietic tissues (data not
shown). Instead, we found its expression in neuronal tissues as
described below. Sequence analysis revealed that the B61
cDNA has an open reading frame encoding 735 amino acid
residues with two hydrophobic segments, one at the amino
terminus (amino acids 1 to 21) and the second (amino acids
679 to 704) in the internal region. There are two distinct motifs
in the extracellular region, /eucine-rich repeats and fibronectin
type III-like repeats and a small intracellular region consisting
of only 30 amino acid residues without any known motifs. Due
to the similarity to the previously identified neuronal leucine
rich-repeat proteins NLRR1 to NLRR3 (4, 14, 28, 29), we
named B61 NLRR4. These members are type I transmem-
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FIG. 3. Targeted disruption of the NLRR4 gene. (a) Structures of the NLRR4 protein, cDNA, genomic locus, targeting vector, and mutated
allele. Three boxes in the NLRR4 genome represent exons. The locations of the probes used for Southern blotting are shown (probes 1 and 2).
E, EcoRI; B, BamHI; lacZ, Escherichia coli B-galactosidase cDNA; neo, neomycin resistance gene; HSV-tk, herpes simple virus thymidine kinase.
(b) Identification of a homologous recombinant clone (A29) by southern blot analysis of BamHI- or EcoRI-digested genomic DNA from ES clones.
(c) Southern blot analysis of BamHI-digested genomic DNA from mouse tails using probe 1. (d) Flow cytometric analysis using an NLRR4
antibody was performed on cells derived from wild-type and NLRR4 '~ embryos. NLRR4 protein was not detected in NLRR4™/~ cells.

brane proteins with multiple leucine-rich repeats and a fi-
bronectin type III-like domain.

An NLRR4-homologous gene was found in the human ge-
nome but not in Caenorhabditis elegans or Drosophila melano-
gaster. A human cDNA homologous to NLRR4 encoded a type
I transmembrane protein with 640 amino acids (Fig. 1a) with
an overall homology of 64% at the amino acid level. NLRR4
showed 21% and 20% homology at the amino acid level to
NLRR1 and NLRR3 (28, 29), respectively. Although there are
two immunoglobulin C2 loops in NLRR1 and NLRR3, no such
structure was found in NLRR4 (Fig. 1b). Northern blot anal-
ysis revealed that NLRR4 mRNA was expressed in lung, heart,
and ovary (Fig. 2b). In the adult brain, NLRR4 was strongly
expressed in the hippocampus and weakly in the cerebellum
(Fig. 2a).

Targeted disruption of the NLRR4 gene. To uncover the
function of NLRR4 in vivo, we generated an NLRR4-deficient
mouse line. As shown in Fig. 3a, we replaced the exons of the
NLRR4 gene with the B-galactosidase gene and the neomycin
resistance gene (neo). The deleted exon encoded the initiation
codon, the signal peptide, and the leucine-rich repeat domains,

and the targeting vector was designed to express -galactosi-
dase from NLRR4 regulatory elements. We isolated six inde-
pendent ES clones with homologous recombination (Fig. 3b),
and chimeric male mice were generated from three of the
clones. Heterozygous embryos from three independent chi-
meric mice exhibited the same B-galactosidase expression pat-
tern. Genotyping by Southern blotting showed successful tar-
geting of the NLRR4 gene (Fig. 3c).

NLRR4 protein expression was not detected in NLRR4 ™/~
embryos by flow cytometric analysis of primary culture cells
derived from wild-type and NLRR4 ™/~ embryos with an anti-
NLRR4 monoclonal antibody (Fig. 3d). We genotyped 372
pups born from heterozygous matings to assess whether the
expected number of knockout and heterozygote pups was af-
fected. The number of NLRR4™" to NLRR4"~ to
NLRR4 ™/~ was 83:196:93, as expected for unbiased Mende-
lian frequencies (NLRR4 /"), and the mice grew with normal
body weights. Both males and females are fertile, and no in-
creased mortality was observed up to 1 year of age.

Expression of NLRR4 in the adult brain and anatomy of the
NLRR4~/~ hippocampus. Since NLRR4 mRNA was found in
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FIG. 4. Expression of NLRR4 and hippocampal anatomy in the NLRR4 '~ adult brain. NLRR4 expression was assessed by B-galactosidase
staining of a sagittal section (a) and a coronal section (b) of the adult brain of 2-month-old heterozygous mice. B-Galactosidase activity was
detected in the hippocampus, layers V and VI in the cortex, the piriform cortex, the inner granule layer, and Purkinje cells in the cerebellum.
B-Galactosidase staining was performed in coronal sections of the NLRR4 "/~ and NLRR4 '~ cerebrum. Similar staining patterns were observed
in both NLRR4*/~ and NLRR4 ™/~ mice (c, d, e, and f). Gross hippocampal anatomy in NLRR4 ™/~ mice was evaluated by histochemical and
immunohistochemical staining. Hematoxylin-eosin staining (g and h) and immunostaining of a neuron-specific maker, NeuN (i and j), showed that
there were no significant differences between the two genotypes. Abbreviations: h, hippocampus; ¢, cortex; p, piriform cortex.
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the brain by Northern blotting analysis (Fig. 2), we precisely
analyzed the expression of NLRR4 in the brain. As the B-ga-
lactosidase gene was inserted in the exon of NLRR4, we per-
formed B-galactosidase staining of the adult brain of two-
month-old heterozygous mice (NLRR4*/7) (Fig. 4a, b, ¢, and
e). NLRR4 was expressed in the CAl and CA3 regions and
dentate gyrus of the hippocampus. In addition, NLRR4 was
expressed in layers V and VI in the neocortex and piriform
cortex. It was also expressed in the inner granular layer and
Purkinje cells of the cerebellum. The NLRR4 '~ brain was
also stained for B-galactosidase activity, and there was no dif-
ference in the staining pattern between NLRR4™/~ and
NLRR4 /" mice (Fig. 4c, d, e, and f).

We performed histochemical staining to examine hippocam-
pal anatomy in wild-type and NLRR4 ™/~ mice. Hematoxylin-
eosin staining and immunohistochemical analysis of NeuN, a
neuron-specific DNA binding protein, showed no difference
between wild-type and NLRR4 '~ mice (Fig. 4g, h, i, and j).
These results indicated that the gross anatomy of hippocampus
was not affected by the NLRR4 mutation.

Defective contextual fear memory in NLRR4~/~ mice. Since
NLRRA4 is expressed in the hippocampus, which plays a role in
learning and memory (3, 24), we considered the possibility that
NLRR4 plays a role in memory formation. To address this, we
examined the associative emotional memory of the mutant
mice using the contextual fear-conditioning test. If mice learn
fear such as that resulting from an electric foot shock in a
spatial context, they show some defensive responses, including
freezing behavior in the conditioning chamber (3).

Without experiencing the electric shock, wild-type and
NLRR4 /" mice showed little of this behavior. Mice with
either genotype spent the same time freezing in the context at
24 h after the training, indicating that NLRR4 ™/~ mice are
able to learn fear by contextual fear-conditioning. However,
NLRR4 ™/~ mice froze significantly less than wild-type mice 4
and 7 days after the training (Fig. 5a). There were no signifi-
cant differences between the two genotypes in terms of noci-
ceptive sensitivity to an electrical foot shock (Fig. 5b). For the
contextual fear-conditioning test, fear-eliciting experiences
such as an electric foot shock are input into the amygdala and
spatial information such as the conditioning chamber is sent to
the hippocampus. Both sets of information are consolidated
and stored in a manner dependent on the hippocampus and
amygdala. As NLRR4 ™/~ mice showed normal freezing behav-
ior during the 1-day retention period, cellular consolidation in
NLRR4 ™/~ mice was normal. However, as the freezing time
was significantly reduced in NLRR4 ™/~ mice 4 days after the
training, their memory was impaired after long retention delay.

Normal tone-dependent cued fear memory in NLRR4~/~
mice. As contextual fear-conditioning tasks are dependent on
the hippocampus and amygdala, we examined hippocampus-
independent fear memory to assess the function of amygdala in
NLRR4 '~ mice. The auditory cued fear-conditioning test is
an amygdala-dependent but hippocampus-independent task
(19). Wild-type and NLRR4/~ mice were exposed simulta-
neously to a tone (conditioned stimulus) and an electric foot
shock (unconditioned stimulus). After this learning process, we
measured the freezing time when the tone was replayed in a
different chamber. Mice with either genotype did not show any
freezing behavior before presenting conditioned stimuli (pre-
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FIG. 5. Contextual and cued fear memory in NLRR4 ™/~ mice. (a)
Freezing ratio for contextual fear at different retention delays for
NLRR4 /" and wild-type mice (n = 13 for each genotype and each
time point). No difference was found in the time spent on freezing
behavior after 1 day of retention (wild-type, 58.7 = 15.1%; NLRR4 ™/,
59.5 * 12.6%). Freezing behavior was significantly reduced in the
NLRR4 ™/~ mice after 4 days (wild-type, 59.5 = 12.6%, NLRR4 ™/,
20.1 = 11.3%, Student’s ¢ test P < 0.001) and 7 days retention (wild-
type, 57.2 = 17.5%; NLRR4/~, 17.8 + 9.8%, Student’s ¢ test, P <
0.001). All data points represent the mean (* standard error of the
mean). *, P < 0.001; **, P < 0.001. (b) Normal pain sensitivity of
NLRR4~/~ and wild-type mice. Pain sensitivities were calculated by
the total pixels that mice moved before and after electric foot shock.
All data points represent the mean (= standard error of the mean). (c)
Percent of freezing time at preconditioned or conditioned stimuli after
cued fear conditioning for NLRR4 /" and wild-type mice. Tests were
performed 4 and 7 days after training. No significant difference be-
tween the genotypes was found for either time points (day 4 after
training: wild-type, 45.1 = 12.5%; NLRR4 /", 49.2 + 13.4%; day 7
after training: wild-type, 66.4 = 20.7%; NLRR4 /=, 57.4 = 27.7% [n =
10 for each genotype and each time point]). All data points represent
the mean (=* standard error of the mean).

conditioned stimuli). In the presence of a conditioned stimu-
lus, mice of either genotype showed the same level of freezing
time at both time points after the conditioning (Fig. 5c). No
significant differences were observed in freezing time between
the two genotypes 4 and 7 days after the training, indicating
that NLRR4 is dispensable for tone information processing
and fear memory is fully integrated into the amygdala without
NLRR4 after long retention.

Defective spatial memory in NLRR4 ™/~ mice. For the fear
memory tests, NLRR4 ™/~ mice showed defects in the hippocam-
pus-dependent memory (contextual fear-conditioning test), but
not the hippocampus-independent memory (tone fear-condition-
ing test). These results indicated that NLRR4 ™/~ mice are defec-
tive in hippocampus-dependent fear memories. We then exam-
ined another type of hippocampus-dependent memory without
the experience of fear in NLRR4~/~ mice. We employed the
hidden-platform Morris water maze test, which is a hippocampus-
dependent learning task. Wild-type and NLRR4/~ mice im-
proved their performance during 5 days of training at 4 trials/day
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FIG. 6. Spatial learning and memory in the hidden-platform Morris water maze task. (a) Average of the escape latency for each day for
hidden-platform Morris water maze training sessions. Four trials were performed each day for 5 consecutive days (n = 20 for each genotype). No
difference was observed between the two genotypes, indicating that the mutant mice learned equally well. All data points represent the mean (*
standard error of the mean). (b) The probe tests were performed at three different retention time points (1, 4, and 7 days after the last day of
acquisition for the hidden-platform task). Different groups of mice were used at each time point. One day after training, no difference was observed
between the genotypes (n = 10 for each genotype), indicating that the learning and acquisition of initial memory are normal for NLRR4 /" mice.
Four and seven days after the last training, the time that NLRR4 /~ mice spent in the target quadrant was significantly less than that of wild-type
mice. Statistical significance was calculated by the Scheffe’s test following two-way analysis of variance. *, P < 0.05. (n = 10 for each genotype and
each time point). (¢) Swimming speeds were calculated from these movement data. No differences were observed between the genotypes during
the training sessions. (d) Time spent in each quadrant of the pool 4 days after training. The time spent by NLRR4 /" mice in the target quadrant

was shorter than that by the wild-type control mice.

(Fig. 6a). There was no significant difference in escape latencies
between the two genotypes on any day during training. For the
probe test on 1 day after training, no significant difference be-
tween the two genotypes was observed for the time spent in the
target quadrant, indicating that cellular consolidation of long-
term memory in NLRR4 ™/~ mice was normal. However, the
NLRR4 '~ mice spent less time in the target quadrant than that
of wild-type mice 4 days after the training (Fig. 6b). NLRR4 "/~
mice spent almost the same time in all quadrants 4 days after the
training (Fig. 6d), showing that NLRR4 '~ mice randomly swam
in all quadrants. Swimming speed in the training session was not
different between the two genotypes (Fig. 6¢). These results indi-
cate that NLRR4 is required for hippocampus-dependent long-
lasting memory.

Normal hippocampal long-term potentiation in NLRR4~/~
mutants. The finding that NLRR4 '~ mice showed normal
short-term memory but impaired long-lasting memory
prompted us to examine whether the physiological properties
of the hippocampus were altered by the lack of NLRR4. We
first examined the input-output relationship of synaptic trans-
mission to assess possible changes in basal synaptic properties,
using hippocampal slices. AMPA receptor-mediated excitatory
postsynaptic potentials in the CA1 region in response to vari-
ous stimulus intensities were indistinguishable between

NLRR4 /~ and wild-type mice (Fig. 7a), indicating that the
basal synaptic efficacy was not altered in NLRR4 ™/~ mice.
We then examined paired-pulse facilitation, which is a pre-
synaptic form of short-term plasticity and is sensitive to pre-
synaptic release probability (20). The paired-pulse facilitation
observed in slices from NLRR4 /" mice did not significantly
differ from that of wild-type mice at any interstimulus interval
examined (Fig. 7b), indicating that presynaptic properties in-
cluding transmitter release probability were intact in
NLRR4 '~ mice. Furthermore, we analyzed long-term synap-
tic plasticity and found that a single high-frequency stimulus
train (100 Hz/s) produced long-term potentiation in mutant
slices that was indistinguishable from that of wild-type slices
(Fig. 7c and d), which is consistent with the results that
NLRR4~/~ mice performed normally hippocampus-depen-
dent memory tasks 24 h after the training. Since there was a
tendency of decreased long-term potentiation 60 min after the
induction in NLRR4™/~ mice, we also followed the time
course of long-term potentiation for another hour, but found
that long-term potentiation 120 min after the induction was
also normal (Fig. 7e and f). Taken together, these results
indicate that NLRR4 is not required for basal synaptic trans-
mission or short-term and the early phase of long-term plas-
ticity at the Schaffer collateral-CAl synapse in the hippocampus.
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FIG. 7. Normal basal synaptic transmission, paired-pulse facilitation and long-term potentiation in NLRR4 ™/~ mice. (a) The input-output
relationships of AMPA receptor-mediated excitatory postsynaptic potentials of wild-type (open circles, n = 12) and mutant (closed circles, n =
9) mice. Shown are the mean synaptic responses to stimuli of various strengths for the NLRR4 ™/~ and wild-type (+/+) slices. There was no
significant difference between the two genotypes. Insets display representative traces evoked with four different stimulus intensities of 1.8 to 3.42
V. (b) Paired-pulse facilitation induced by stimulating afferent fibers twice at 50, 100, and 200 ms in wild-type (open circles) and NLRR4 '~ (solid
circles) mice. The ratio of the slope of the second excitatory postsynaptic potentials to that of the first excitatory postsynaptic potentials was
calculated (at 50-ms interstimulus interval (ISI): NLRR4™/~, 1.41 = 0.04%, n = 7; wild-type, 1.45 = 0.05%, n = 10, P > 0.6; at 100-ms ISI:
NLRR47/7, 1.38 = 0.04%, n = 7; wild-type, 1.39 = 0.03%, n = 10, P > 0.8; at 200-ms ISI: NLRR4~/~, 1.26 = 0.03%, n = 7; wild-type, 1.29 =
0.04%, n = 10, P > 0.6). (c) The averaged time course of long-term potentiation for 60 min after tetanic stimulation for wild-type (open circle,
n = 20) and NLRR4 /" (solid circle, n = 18) mice. At time zero, tetanic stimulation (100 Hz, 1 s) was delivered to the Schaffer collateral/
commissural pathway. Initial excitatory postsynaptic potentials slopes were normalized for each experiment to the averaged slope value during the
baseline period (—30 to 0 min). Representative traces (average of 10 consecutive responses) in the inset were excitatory postsynaptic potentials
obtained at the times indicated by the numbers on the graph. (d) Summary of long-term potentiation calculated as the percent increase in the mean
excitatory postsynaptic potential slope from 50 to 60 min after tetanic stimulation compared with the mean excitatory postsynaptic potential slope
during the baseline period (NLRR4 /", 137.8 * 6.5% of baseline, n = 18; wild type, 146.7 = 3.9% of baseline, n = 20, P > 0.2). (¢) The averaged
time course of long-term potentiation for 120 min after tetanic stimulation for wild-type (open circle, n = 5) and NLRR4 ™/~ (solid circle, n = 6)
mice. This graph consists of a part of the data shown in Fig. 8C, which was obtained from the slices with 1 h of additional recording. (f) Summary
of long-term potentiation calculated as the percent increase in the mean excitatory postsynaptic potential slope from 110 to 120 min after tetanic
stimulation compared with the mean excitatory postsynaptic potential slope during the baseline period (NLRR4 /", 143.2 = 9.8% of baseline, n
= 6; wild-type, 146.3 = 7.2% of baseline, n = 5, P > 0.8).
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DISCUSSION

We isolated a cDNA encoding a new member of the NLRR
family, a type I transmembrane protein with leucine-rich re-
peats and a fibronectin type III repeat. Leucine-rich repeats
consist of multiple copies of the conserved sequence. Proteins
with leucine-rich repeats mediate homophilic or heterophilic
protein-protein interactions. Slits function as a ligand for the
Robo receptors through its leucine-rich repeat (2, 11), and
NgR and Trks are receptors for Nogo and neurotrophic factors
(6, 17), respectively. CAPS and connectin function as cell rec-
ognition molecules in neuromuscular development via their
homophilic interaction (23, 27). We therefore tested a ho-
mophilic interaction of NLRR4 protein. However, cell aggre-
gation assays using NLRR4-expressing cells failed to show any
interaction (data not shown), suggesting that NLRR4 may be
involved in cell-cell interactions as a component or it may be a
receptor or a ligand for an unknown molecule.

NLRR4-deficient mice generated by inserting the B-galac-
tosidase cDNA into the NLRR4 gene locus developed nor-
mally and exhibited no anatomical abnormalities. The NLRR4
expression revealed by B-galactosidase activity indicates that
NLRR4 is expressed in the hippocampus, layers V and VI in
the cortex and piriform cortex, the internal granule layer, and
Purkinje cell in the cerebellum. The hippocampus plays a role
in the initial storage and the cellular consolidation of spatial
information (22, 26). Since NLRR4 is highly expressed in the
hippocampus, it is possible that NLRR4 is involved in learning
and/or memory. In fact, we found that the memory of
NLRR4 ™/~ mice was severely impaired for two learning tests
that are dependent on the hippocampus; the contextual fear-
conditioning and hidden-platform Morris water maze tests.

In the contextual fear-conditioning test, NLRR4 ™/~ mice
were able to learn normally as shown by the normal freezing
behavior 1 day after training. However, NLRR4 /™ mice failed
to retain the memory longer as their freezing behavior was
significantly reduced 4 and 7 days after training. We obtained
similar results in the hidden-platform Morris water maze
test. Thus, in the hippocampus-dependent behavioral tests
NLRR4 '~ mice are able to learn and retain memories nor-
mally memory 1 day after training. Consistently, NLRR4 /"~
mice showed normal long-term potentiation in the hippocam-
pus, indicating that initial memory and cellular consolidation
are normal in NLRR4 ™/~ mice. Contextual and spatial mem-
ories are known to be retained in the hippocampus for several
days and long-lasting memory is permanently stored in the
cortex (7, 8). As memory retention 4 days after training was
severely impaired in NLRR4 ™/~ mutant mice, it is likely that
NLRR4 is required for long-lasting memory.

In contrast to hippocampus-dependent memories, NLRR4 ™/~
mice showed normal cued fear memory in which a tone was
paired with an electric foot shock. This task depends on the
amygdala but is independent of the hippocampus. It is known
that hippocampus lesion results in impaired spatial memory
but normal memory in the cued fear-conditioning tests (19).
Likewise, the hippocampal CA1 region-specific knockout of
the NR1 gene encoding an essential subunit of the N-methyl-
D-aspartate receptor results in amnesia of contextual fear
memory without affecting cued fear memory (26). Axon of
CA1 pyramidal cells mainly extend to the layer V in entorhinal
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cortex and NLRR4 is expressed in CAl, CA3, and dentate
gyrus in the hippocampus and in layers V and VI in the cortex.
These results collectively suggest that the impaired retention of
memories in NLRR4™/~ mice depends on the hippocampal
function but is independent of the amygdala.

Amnesia in NLRR4 '~ mice is similar to that in aCaMKII
heterozygous mice, which exhibit severely impaired hippocam-
pus-dependent long-lasting memory, while the molecular
mechanism how aCaMKII is involved in long-lasting memory
still remains to be elucidated, there may be a link between
NLRR and aCaMKII. CREB is required for the cellular con-
solidation of long-term memory, indicating that a protein(s)
regulated by CREB plays a role in long-term memory (1, 5,
18). Therefore, the impaired memory in NLRR4~/~ mice
might be due to an alteration in this pathway. As NLRR4 is a
transmembrane protein with protein-protein interaction mo-
tifs, it is tempting to speculate that NLRR4 may generate an
intracellular signal that affects the CREB pathway in the hip-
pocampus. It will be of interest to find a molecule that interacts
with NLRR4.
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