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Roles of Cbln1 in Non-Motor Functions of Mice
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The cerebellum is thought to be involved in cognitive functions in addition to its well established role in motor coordination and motor
learning in humans. Cerebellin 1 (Cbln1) is predominantly expressed in cerebellar granule cells and plays a crucial role in the formation
and function of parallel fiber–Purkinje cell synapses. Although genes encoding Cbln1 and its postsynaptic receptor, the delta2 glutamate
receptor (GluD2), are suggested to be associated with autistic-like traits and many psychiatric disorders, whether such cognitive impair-
ments are caused by cerebellar dysfunction remains unclear. In the present study, we investigated whether and how Cbln1 signaling is
involved in non-motor functions in adult mice. We show that acquisition and retention/retrieval of cued and contextual fear memory
were impaired in Cbln1-null mice. In situ hybridization and immunohistochemical analyses revealed that Cbln1 is expressed in various
extracerebellar regions, including the retrosplenial granular cortex and the hippocampus. In the hippocampus, Cbln1 immunoreactivity
was present at the molecular layer of the dentate gyrus and the stratum lacunosum-moleculare without overt mRNA expression, sug-
gesting that Cbln1 is provided by perforant path fibers. Retention/retrieval, but not acquisition, of cued and contextual fear memory was
impaired in forebrain-predominant Cbln1-null mice. Spatial learning in the radial arm water maze was also abrogated. In contrast,
acquisition of fear memory was affected in cerebellum-predominant Cbln1-null mice. These results indicate that Cbln1 in the forebrain
and cerebellum mediates specific aspects of fear conditioning and spatial memory differentially and that Cbln1 signaling likely regulates
motor and non-motor functions in multiple brain regions.
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Introduction
The cerebellum regulates motor coordination and motor learn-
ing in humans and experimental animals (Ito, 2001). Several lines

of evidence have indicated that the cerebellum is also involved in
cognitive functions (Strata et al., 2011; Reeber et al., 2013). Viral
tracing and functional imaging studies in human and nonhuman
primates have shown that cerebellar output is functionally con-
nected with vast regions of the non-motor neocortex, such as the
prefrontal and posterior parietal cortices (Stoodley and Schmah-
mann, 2010; Buckner et al., 2011; Bostan et al., 2013). Further-
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Significance Statement

Despites its well known role in motor coordination and motor learning, whether and how the cerebellum is involved in cognitive
functions remains less clear. Cerebellin 1 (Cbln1) is highly expressed in the cerebellum and serves as an essential synaptic
organizer. Although genes encoding Cbln1 and its receptor are associated with many psychiatric disorders, it remains unknown
whether such cognitive impairments are caused by cerebellar dysfunction. Here, we show that Cbln1 is also expressed in the
forebrain, including the hippocampus and retrosplenial granular cortex. Using forebrain- and cerebellum-predominant condi-
tional Cbln1-null mice, we show that Cbln1 in the forebrain and cerebellum mediates specific aspects of fear conditioning and
spatial memory differentially, indicating that Cbln1 signaling regulates both motor and non-motor functions in multiple brain
regions.
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more, various spontaneous cerebellar mutant mice had increased
distance in the hidden, but not in the visible, platform version of
the Morris water maze, indicating a deficit in spatial orientation
(Lalonde and Strazielle, 2003). Similarly, mice that specifically
expressed protein kinase C inhibitor in Purkinje cells (L7-PKCI)
displayed poor performance in the hidden-platform Morris wa-
ter maze (Burguière et al., 2005). Indeed, place cell properties in
the hippocampus were impaired exclusively when L7-PKCI mice
relied on self-motion cues in the water maze (Rochefort et al.,
2011). Purkinje cell-specific deletion of tsc1, a gene responsible
for tuberous sclerosis, caused autism-like behaviors such as im-
paired social interaction and repetitive behavior in mice without
severely affecting motor functions (Tsai et al., 2012). Conversely,
L7-PKCI mice and three other cerebellum-specific mutants
showed normal social interaction, spatial orientation in the Mor-
ris water maze, and fear conditioning (Galliano et al., 2013).
Therefore, whether the cerebellum plays a major role in non-
motor functions in mice has remained unclear.

Cerebellin 1 (Cbln1) is expressed predominantly in cerebellar
granule cells (Hirai et al., 2005). It is released from parallel fibers
(PFs; axons of granule cells) and binds to its postsynaptic recep-
tor, glutamate receptor delta2 (GluD2) (Matsuda et al., 2010).
Cbln1–GluD2 signaling plays a crucial role at PF–Purkinje cell
synapses; mice lacking Cbln1 or GluD2 displayed impaired mo-
tor coordination and motor learning (Matsuda et al., 2010; Emi et
al., 2013). Interestingly, a genome-wide association study of
autistic-like traits in a general population implicated the CBLN1
gene in the risk of clinical autism spectrum disorder (ASD) (Jones
et al., 2013). In addition, copy number variations in the GRID2
gene encoding GluD2 are reported in ASD patients (Gazzellone et
al., 2014; Pinto et al., 2014). Furthermore, several human cases of
de novo (Maier et al., 2014) and inherited (Hills et al., 2013; Utine
et al., 2013) mutations in GRID2 displayed, not only cerebellar
ataxia, but also cognitive impairment. Whether such cognitive
impairments were caused by cerebellar dysfunctions has re-
mained unclear because both Cbln1 and GluD2 mRNAs are also
expressed outside of the cerebellum, albeit at much lower levels
(Miura et al., 2006; Hepp et al., 2015; Konno et al., 2014).

In this study, to clarify whether and how Cbln1 signaling is
involved in non-motor functions, we examined fear conditioning
in forebrain (FB)- and cerebellum-predominant (CB)-Cbln1-
null mice. We showed that Cbln1 in the forebrain and cerebellum
mediates specific aspects of fear conditioning and spatial memory
differentially, indicating that Cbln1 signaling regulates both mo-
tor and non-motor functions in multiple brain regions.

Materials and Methods
Procedures. All procedures relating to animal care and treatment were
performed according to the guidelines set by the Animal Resource Com-
mittee of Keio University. The animals were killed by decapitation after
anesthetization with pentobarbital (Kyoritsu Seiyaku).

Animals. Cbln1-null mice were generated as described previously (Hi-
rai et al., 2005) and backcrossed to C57BL/6J mice (Charles River Labo-
ratories) for more than eight generations. Conditional Cbln1-null mice
(Cbln1 flox/flox; RRID:MGI:5796291) were generated as follows. A
genomic clone, RP23-aaaYxx, containing the Cbln1 gene was isolated
from a C57BL/6 BAC genomic library (Advanced GenoTechs). A 0.65-kb
DNA fragment carrying a part of exon 3 was amplified by PCR and
inserted into the SacI sites of middle entry clone (pDME-1). In this clone,
a DNA fragment of loxP sequence and pgk promoter-driven neomycin-
resistant gene-p(A) (neocassette) flanked by two frt sites was located at
the site 187 bp upstream of exon 3, whereas the other loxP sequence was
placed at the site 164 bp downstream of the stop codon in exon 3 of the
Cbln1 gene. The 5.95-kb upstream and 7.74-kb downstream homolo-

gous genomic DNA fragments were retrieved from the BAC clone by
using Quick and Easy BAC modification Kit (Gene Bridges) and then
subcloned to the 5� entry clone (pD5UE-2) and 3� entry clone (pD3DE-
2), respectively. For targeting vector assembly, the three entry clones were
recombined to the destination vector plasmid (pDEST-DT) containing
an MC1 promoter-driven diphtheria toxin gene using the MultiSite
Gateway Three-fragment Vector Construction Kit (Thermo Fisher
Scientific).

The culture of embryonic stem (ES) cells and the generation of chime-
ric mice were performed as described previously (Kakegawa et al., 2015).
Briefly, linearized targeting vector plasmids were introduced into the
C57BL/6N mouse ES line (RENKA) and then G418-resistant clones were
picked up. Homologous recombinant ES clones were identified with
Southern blot analysis. To generate germline chimera, the cells were
microinjected into eight-cell-stage embryos of the CD-1 mouse strain.
The embryos were cultured to the blastocyst stage and transferred to a
pseudopregnant CD-1 mouse uterus. Mouse tail DNA was genotyped by
performing PCR with the following specific primers: forward, 5�-AAA
CTT CCT ACG TGT TCG TAG-3�; reverse, 5�-GAG AAA CAT TTC
ACA TTA CTT CG-3�.

Forebrain- and cerebellum-predominant Cbln1-null mice were gener-
ated by crossing Cbln1 flox/flox mice with Camk2a-Cre transgenic mice
(Zeng et al., 2001) and Grin2C Cre knock-in mice (Miyazaki et al., 2012),
respectively. Littermates (Cbln1 flox/flox) without the Cre gene were used
as controls. The mice were group housed on a 12:12 h light/dark cycle at
22 � 1°C with food and water available ad libitum.

All behavioral tests were conducted on 1-month-old (26 –38 d) or 3- to
5-month-old mice by an investigator blinded to the mice genotype dur-
ing the light cycle. After confirming that male and female mice per-
formed similarly in fear conditioning (n � 9 for wild-type and Cbln1-null
male mice; data not shown), female mice were used because several mice
could be maintained in the same breeding cages without fighting. Mice
were moved to the behavioral analysis room and handled once and twice
on 2 and 1 d before each test, respectively.

In situ hybridization. Mouse cDNA fragments of Cbln1 (nucleotides
353–934 bp; GenBank accession #NM_019626) was subcloned into the
pBluescript II plasmid vector. Digoxigenin (DIG)-labeled cRNA probe
was transcribed in vitro for chromogenic in situ hybridization (Yamasaki
et al., 2010). Fragmentation of riboprobe by alkaline digestion was omit-
ted to increase the sensitivity and specificity. For immunohistochemical
detection of DIG, sections were blocked with DIG blocking solution
[Tris-NaCl-Tween (TNT) buffer containing 1% blocking reagent (Roche
Diagnostics) and 4% normal sheep serum] for 30 min. Sections were
then incubated with alkaline phosphatase-conjugated sheep anti-DIG
(1:1000; Roche Diagnostics) for 1.5 h. After 2 washes with TNT buffer for
15 min each, chromogenic detection was performed using nitroblue
tetrazolium and 5-bromo-4-chloro-3�-indolyphosphate (1:50; Roche
Diagnostics) in detection buffer (0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, and
50 mM MgCl2) for 12 h. Images were taken with a light microscope
(BZ-9000; Keyence).

Immunohistochemistry. For immunohistochemical detection of en-
dogenous Cbln1, mice were deeply anesthetized with intraperitoneal in-
jection of sodium pentobarbital (200 mg/kg body weight) and
decapitated. The brains were freshly frozen with powdered dry ice and 20
�m sections were made with a cryostat (CM1900; Leica Microsystems).
The sections were incubated with 4% paraformaldehyde for 15 min,
followed by 10% normal donkey serum for 20 min, then with primary
antibodies overnight [1 �g/ml rabbit anti-Cbln1 (RRID:AB_2571672;
Miura et al., 2009); guinea pig anti-vesicular glutamate transporter 1
(VGluT1, RRID:AB_2571618; Miyazaki et al., 2003); guinea pig anti-
vesicular GABA transporter (VGAT, RRID:AB_2571624; Fukudome et
al., 2004); guinea pig anti-vGluT2 (RRID:AB_2571621; Miyazaki et al.,
2003)] overnight, followed by Alexa Fluor 488 (Invitrogen) and Cy3
(Jackson ImmunoResearch)-labeled species-specific secondary antibody
(a dilution of 1:200) for 2 h. A confocal laser-scanning microscope
(FV1000; Olympus) was used for the analysis.

For comparison of Cbln1 immunoreactivity in various brain regions, a
set of sections from wild-type, Cbln1-null, and FB-Cbln1-null or CB-
Cbln1-null mice were immunostained at the same time and images were

11802 • J. Neurosci., November 16, 2016 • 36(46):11801–11816 Otsuka, Konno et al. • Roles of Cbln1 in Non-Motor Functions



Figure 1. Impaired fear conditioning in Cbln1-null mice. A, Schematic representation of the fear conditioning task. On day 1, mice were placed in context A and received a tone (CS) and a foot
shock (US) eight times. At 10 min and 24 h after the acquisition, contextual and cued fear memory were assessed in context A without tone and context B with tone, respectively. B, Rotarod test in
3- to 5-month-old Cbln1-null (filled circles, n � 11) and wild-type mice (WT; unfilled circles, n � 9). ***p � 1.43 � 10 �9. C, Acoustic startle reflex test in 3- to 5-month-old Cbln1-null (filled
columns, n � 11) and WT (n � 9) mice. D, Pain sensitivity assessed as threshold of electrical currents required to elicit a flinch, vocalization, and a jump. Cbln1-null mice (Figure legend continues.)
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taken with a fixed gain and exposure time. For each brain region, Cbln1
immunoreactivity was averaged from four fields of view from each sec-
tion and the background immunoreactivity in the corresponding brain
region in Cbln1-null mice was subtracted.

Fear conditioning. Fear-conditioning procedures were performed as
described previously (Sacchetti et al., 2004) with minor modifications.
For context A, the mice were placed in a transparent chamber with a
black ceiling in a soundproof box with white illumination. They were
allowed 2 min for free exploration and then received an auditory tone for
6 s (10 kHz, 60 dB) as a conditional stimulus (CS), which coterminated
with a foot shock (0.75 mA for 2 s) as an unconditional stimulus (US) 8
times with 30 s interstimulus intervals. Ninety seconds after the last
CS–US presentation, the mice were returned to their home cages. Freez-
ing durations in the last 1 min were measured to evaluate the acquisition
of fear conditioning. To test short-term memories, the mice were re-
turned to their home cages for 10 min and then reexposed to context A
for 2 min (context test). After another 5 min of rest in their home cages,
they were placed in a novel context (context B), a white chamber with a
black-and-white checkerboard pattern ceiling, scattered with fresh ani-
mal bedding in a soundproof box with a grapefruit odor and red illumi-
nation. The mice were allowed 2 min for free exploration, and then a
series of 8 CS identical to those used during conditioning were applied
(cued test). The mice were then returned to their home cages. Twenty-
four hours after the conditioning, the context and cued test were per-
formed again to evaluate long-term memory. Freezing was defined as a
complete absence of somatic movement except for respiration and was
analyzed with the automated freezing analyzing system (Image FZC;
O’Hara).

Open-field test. Mice were placed in the corner of the open field (50 �
50 � 40 cm) lit with 20 lux indirect illumination. Movement of the
animals was tracked with the automatic monitoring system (Image OFC;
O’Hara) and travel distance and stay duration in the central area (30 � 30
cm) were evaluated for 5 min.

Rotarod test. The accelerating rotarod test (MK-670; Muromachi) was
performed as described previously (Kakegawa et al., 2015) with minor
modification. Briefly, five trials were performed at 0 – 45 rpm/60 s and a
30 s interval and the time that each mouse stayed on the rod was mea-
sured (maximum score, 120 s).

Radial arm water maze test. The radial arm water maze test was con-
ducted as described previously (Alamed et al., 2006) with minor modifi-
cations. Black plastic inserts were placed in a water-filled circular tank to

make six swim paths (40 � 20 cm) extending radially from a central area.
The inserts were positioned 10 cm above the water (10 cm depth, 24 �
1°C), which was rendered opaque by adding skim milk. The room was
illuminated by indirect light (80 lux) and a number of distinctive extra-
maze cues (large black stripe and rectangle texture on the wall, door, and
a table) were placed in the test room. Each mouse was tested for 15 trials.
The goal arm was fixed throughout the test. Visible and invisible plat-
forms were placed alternately in the goal arm during trials 1–12; only the
invisible platform was placed during trials 13–15. The visible platform
(12.5 � 8 cm) was positioned 2 mm above the water level and had
black-and-white stripes on the top panel. A paper with black-and-white
stripes was also attached to the wall of the arm where the visible platform
was placed. The invisible platform had the same size but was submerged
1 cm below the water level; the top panel was also made of transparent
plastic. The start (S1–5) arm was randomly chosen from the non-goal
arms, which were not adjacent to the previous start arm. Each mouse,
facing the center of the pool, was placed gently into the water near the
edge of the start arm. Errors were defined when all four limbs of the mice
entered the non-goal arms. Goal arm entry without touching the plat-
form was also defined as an error. If the mouse failed to touch or climb
onto the platform within 3 min, it was gently guided to the platform.
When the mouse climbed onto the platform, it was allowed to stay there
for 15 s, followed by towel drying and returning to the home cage under
a heat lamp. In this study, eight mice were analyzed at a time. They were
divided into two groups, each consisting of two FB-Cbln1-null and two
control littermates. All 15 trials were divided into three blocks (block 1,
trials 1– 6; block 2, trials 7–12; block 3, trials 13–15). Each mouse in a
group was tested sequentially. After the preceding group finished one
block, the next group started another block while the preceding group
was given a rest.

Predator-odor-induced freezing test. Mature Cbln1-null mice and their
litter controls were used. Predator-odor-induced fear behavior was ana-
lyzed as described previously, with minor modifications (Wallace and
Rosen, 2000). Mice were handled twice in a safety cabinet to acclimatize
to the environment. A piece of Kimwipe (1.5 � 2 cm) was placed on a
stainless rod grid (set 9 mm apart) in a disposable circular test chamber
(13 cm in diameter, 10 cm in height) made of polypropylene. The cham-
ber was placed in a safety cabinet to prevent spreading of the odor during
the test. A new chamber was used for each mouse. Each mouse was placed
in the test chamber containing no odor for 5 min to record a baseline level
of freezing and then 5 �l of 2,5-dihydro-2,4,5-trimethylthiazoline (TMT;
Contech), a component of fox feces known to induce innate fear re-
sponses in rodents, was applied to the Kimwipe. Freezing behavior was
monitored with a CCD camera placed above the test chamber for 12 min
and the tested mouse was returned to a separate home cage to prevent any
possible indirect effects on untested mice.

Acoustic startle reflex test. The acoustic startle reflex test (SRLAB; San
Diego Instruments) was performed as described previously (Emi et al.,
2013). Briefly, after a 5 min acclimation period, the acoustic stimuli
(bursts of white noise at 4 –14 kHz at three different sound stimuli, 90, 95,
and 100 dB, in a random order) were applied to each mouse placed in a
Plexiglas cylinder in the presence of a continuous background noise (70
dB). The magnitude of the acoustic startle response was measured by the
piezoelectric sensor. All trials were repeated nine times.

Data analysis and statistics. All results are presented as the means �
SEM. Mann–Whitney U test was used for the analysis shown in Figs. 4, D
and E, and 6, B and C. Two-way repeated-measures ANOVA and Bon-
ferroni post hoc test were used for the other analyses unless stated other-
wise. All datasets were tested with the Smirnov–Grubbs outlier test with
a significance level of 0.05. Statistical significance was defined as p � 0.05.

Results
Impaired cue- and context-dependent fear conditioning in
Cbln1-null mice
To examine non-motor learning in adult wild-type and Cbln1-
null mice, we used cue- and context-dependent fear condition-
ing, in which an auditory cue and an environmental context were
presented as CS together with an electrical shock as a US (Fig.

4

(Figure legend continued.) showed lower threshold for eliciting vocalization and jump.
***p � 7.53 � 10 �5; ###p � 4.63 � 10 �13, n � 10 mice for each genotype. E, Freezing to
TMT, an odor to induce innate fear. TMT was applied from 5 min. No differences were observed
between wild-type and Cbln1-null mice in the duration of freezing before and after TMT expo-
sure ( p � 0.981, n � 6 mice for each genotype). F, Time course of freezing responses during
acquisition of fear memory in adult (3- to 5-month-old) Cbln1-null mice. Vertical lines indicate
timing of foot shocks. Freezing durations during the acquisition phase (120 – 420 s) were sig-
nificantly reduced in adult Cbln1-null mice (***p � 1.12 � 10 �6; wild-type, n � 12, Cbln1-
null, n � 18). G, H, Freezing durations of context- and cue-dependent memory task at 10 min
(G) and 24 h (H) after conditioning. Adult Cbln1-null mice showed significantly reduced freezing
in context- and cue-dependent fear memory tasks (***p � 6.87 � 10 �6; ###p � 0.000271;
†††, p � 6.89 � 10 �8; §§§p � 0.000987; wild-type, n � 12, Cbln1-null, n � 18), but similar
baseline freezing responses during the 2 min before exposure to tone in context B (precue). I–K,
Post hoc analyses of memory retention/retrieval in adult Cbln1-null mice. Subpopulations of
wild-type mice that showed less freezing and Cbln1-null mice that showed more freezing were
selected arbitrarily so that both groups showed similar levels of acquisition of fear memory (I).
The subpopulations of Cbln1-null mice still showed significantly reduced freezing in fear mem-
ory tasks (*p � 0.0188; ###p � 0.00140 � 10 �8; ††p � 0.00575; wild-type, n � 10,
Cbln1-null, n � 11) at 10 min (J) and 24 h (K) after conditioning. L–O, Phenotypes of juvenile
(1-month-old) Cbln1-null mice. L, Juvenile Cbln1-null mice showed shorter latency to fall from
rotarod (***p � 1.65 � 10 �11, wild-type, n � 16, Cbln1-null, n � 10). M–O, Fear condi-
tioning at 1 month. Acquisition (M) and retention/retrieval of contextual and cued fear memory
at 10 min (N) and 24 h (O) after conditioning were impaired in global Cbln1-null mice at 1
month. ***p � 0.00116; ###p � 0.00160; #p � 0.0247; †††p � 0.000229; §§§p �
0.0000963; wild-type, n � 9, Cbln1-null, n � 8.
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1A). Conditioned fear memory was evaluated at 10 min and 24 h
after the acquisition trial by measuring freezing responses to the
same context and the cue. Cbln1-null mice were ataxic (Hirai et
al., 2005) and could not stay on the rotating rod (Fig. 1B), al-
though they were smaller than wild-type mice (wild-type, 18.2 �
0.5 g, n � 9; Cbln1-null, 14.4 � 0.6 g, n � 11; p � 0.0001 by
Student’s t test). However, as we reported previously (Emi et al.,
2013), Cbln1-null mice had normal auditory startle reflex (Fig.
1C) and tail-flick responses to heat. In addition, thresholds of
electrical currents that induced flinch, vocalization, or jump were
similar or even lower in Cbln1-null mice than in wild-type mice

(Fig. 1D). Furthermore, the duration of freezing induced by
TMT, a component of fox feces known to induce innate fear
responses in rodents, was not significantly different between
wild-type and Cbln1-null mice (Fig. 1E). These results indicate
that the sensorimotor systems necessary for freezing responses
are intact in Cbln1-null mice.

We found that Cbln1-null mice showed significantly lower
levels of freezing responses than did wild-type mice during the
acquisition period (p � 1.12 � 10�6; Fig. 1F). Similarly, both
cue- and context-dependent freezing responses were reduced in
Cbln1-null mice at 10 min (Fig. 1G) and 24 h (Fig. 1H). To

Table 1. Expression of Cbln1 mRNAs in adult mouse brain

Region Signal intensity Region Signal intensity

Telencephalon Dorsal lateral geniculate (DLG) nucleus �
Olfactory bulb (OB) Ventral lateral geniculate (VLG) nucleus �

Glomerular layer (GI) � Hypothalamus
Mitral layer (Mi) � Preoptic nucleus (PO) �
Granular layer (GrO) � Lateral area (LH) �

External plexiform layer (EPI) � Posterior area (PH) �
External plexiform layer of accessory olfactory bulb (EPIA) � Periventricular nucleus (PeV) �
Neocortex (Cx) Paraventricular nucleus (PaV) �

Lamina I � Dorsomedial nucleus (DM) �
Lamina II/III � Ventromedial nucleus (VMH) �
Lamina IV � Anterior area (AH) �
Lamina V �
Lamina VI � Midbrain/pons/medulla

Retrosplenial granular cortex (RSG) layer IV � Superior colliculus (SC) �
Claustrum (Cl) � Inferior colliculus (IC)
Piriform cortex (Pir) � Central nucleus �
Dorsal endopiriform nucleus (DEn) � External nucleus (ECIC) �
Entorhinal cortex (Ent) � Dorsal nucleus (DCIC) �

Medial (MEnt) � Dorsal nucleus of lateral lemniscus (DLL) �
Lateral (LEnt) � Parabigeminal nucleus (PBG) �

Hippocampal formation Cochlear nuclei
Pyramidal cell � Ventral nucleus (VCN) �
Granule cell � Dorsal nucleus (DCN) �
Interneuron (Cornu Ammonis) � Vestibular nucleus (Ve) �
Interneuron (Dentate gyrus) � Trigeminal nucleus
Subiculum � Principal sensory nucleus (Pr5) �

Striatum (St) � Spinal tract nucleus (Sp5) �
Globus pallidus � Oral (Sp5O) �
Amygdala � Interpolar (Sp5I) �
Septum Nucleus of solitary tract (NTS) �

Medial septal nucleus (MS) � Dorsal raphe nucleus (DR) �
Lateral septal nucleus (LS) � Median raphe nucleus (MRN) �

Dorsolateral bed nucleus of stria terminalis (dlBST) � Rostral interstitial nucleus of medial longitudinal fasciculus (RI) �
Diencephalon Red nucleus (RN) �

Thalamus (Th) Pedunculopontine tegmental nucleus (PPTg) �
Anterior nuclear group Laterodorsal tegmental n (LDTg) nucleus �

Anterodorsal nucleus (AD) � Lateral parabrachial n (LPB) �
Anteroventral nucleus (AV) � Medial parabrachial n (MPB) nucleus �
Anteromedial nucleus (AM) � Gigantocellular reticular n (Gi) nucleus �

Ventral nuclear group Cuneate nucleus (Cu) �
Ventromedial nucleus (VM) � Inferior olive (IO) �
Ventral reuniens nucleus (VRe) � Dorsal motor n (DMN) of vagus nerve �

Intralaminar nuclear group Hypoglossal nucleus (10) �
Central medial nucleus (CM) � Area postrema (AP) �
Parafascicular nucleus (PF) � Cerebellum (Cb)

Midline nuclear group Purkinje cell layer (PCL) �
Paraventricular nucleus (PV) � Granular layer GL) �
Reuniens nucleus (Re) � Molecular layer (ML) �

Habenular complex Cerebellar nuclei (CBN) �
Medial habenular nucleus (MHb) � Medial nucleus (Med) �
Lateral habenular nucleus (LHb) � Lateral nucleus (Lat) �

Interposed nucleus (Int) �
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determine whether these memory defects were caused by im-
paired acquisition in Cbln1-null mice, we performed post hoc
analyses of a subpopulation of Cbln1-null mice that displayed
freezing responses to a level similar to that of wild-type mice

immediately after the acquisition period (Fig. 1I). Although these
Cbln1-null mice showed levels of context-dependent freezing re-
sponses similar to those shown by wild-type mice at 10 min after
the conditioning (Fig. 1J), they displayed reduced cue- and

Figure 2. Chromogeneic ISH of Cbln1 mRNA in the adult mouse brain. A, Sagittal sections. B–L, coronal sections. Hybridization with a sense probe yielded no significant signal (A, inset). Arrows in C indicate
interneurons or mossy cells in the dentate gyrus. 3V, Third ventricle; 4V, fourth ventricle; AH, anterior hypothalamic area; AM, anteromedial thalamic nucleus; AV, anteroventral thalamic nucleus; Cb, cerebellum;
Cg, cingulate cortex; Cl, claustrum; Cx, cortex; DC, dorsal cochlear nucleus; DG, dentate gyrus; DM, dorsomedial hypothalamic nucleus; Gr, granule cell layer; Hi, hippocampus; Ht, hypothalamus; IC, inferior
colliculus; Int, interposed cerebellar nucleus; Lat, lateral cerebellar nucleus; LEnt, lateral entorhinal cortex; LH, lateral hypothalamic area; LHb, lateral habenular nucleus; LV, lateral ventricle; Mb, midbrain; Med,
medial cerebellar nucleus; MEnt, medial entorhinal cortex; MO, medulla oblongata; OB, olfactory bulb; PaV, paraventricular hypothalamic nucleus; PB, parabrachial nucleus; PF, parafascicular thalamic nucleus;
PH, posterior hypothalamic area; Pl, polymorphic cell layer; Pr5, principle sensory nucleus of trigeminal nerve; RSG, retrosplenial granular cortex; Sp5, spinal nucleus of trigeminal nucleus; St, striatum; Th,
thalamus; VC, ventral cochlear nucleus; Ve, vestibular nucleus; VMH, ventromedial hypothalamic nucleus. Scale bars: A, D–J, L, 1 mm; B, C, K, 100 �m.
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Figure 3. Cbln1 expression in the forebrain. A, Immunohistochemical analyses revealed Cbln1 expression in distinct brain regions, including the stratum lacunosum-moleculare (LM) and
molecular layer (Mo) of the hippocampus, Cg, and RSG. Right, Cbln1 immunoreactivities in Cbln1-null mice. BLA, Basolateral amygdala; Cb, cerebellum; GL, (Figure legend continues.)
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context-dependent freezing responses at 24 h (Fig. 1K). To-
gether, these results indicate that, not only acquisition of fear
conditioning, but also long-term memory retention and/or re-
trieval is impaired in adult Cbln1-null mice.

Interestingly, Cbln1-null mice not only moved shorter dis-
tances (wild-type, 13 � 2 m, n � 10; Cbln1-null, 8 � 1 m, n � 11;
p � 0.03 by Student’s t test), but also stayed for longer durations
at the center (wild-type, 9 � 4%, n � 10; Cbln1-null, 24 � 6%,
n � 11; p � 0.0465 by Student’s t test) in the open-field test. These
results indicate that adult Cbln1-null mice exhibit lower basal
anxiety levels.

To examine the roles of Cbln1 in the forebrain and the cere-
bellum in the following studies, we used Cre recombinase under
region-specific promoters. Because the brain regions affected by
these promoters depended on the developmental stage, we exam-
ined phenotypes of Cbln1-null mice at 1 month as a control.
Cbln1-null mice could not stay on the rotating rod even at 1
month (Fig. 1L). In the open-field test, Cbln1-null mice also
showed lower activities (wild-type, 15 � 1 m, n � 18; Cbln1-null,
6.0 � 0.6 m, n � 10; p � 4.77 � 10�6 by Student’s t test), but
stayed at the center for durations similar to wild-type mice (wild-
type, 6 � 1%, n � 18; Cbln1-null, 5 � 3%, n � 10; p � 0.579 by
Student’s t test). Importantly, juvenile Cbln1-null mice not only
showed impaired freezing responses during the acquisition pe-
riod (Fig. 1M), but also at 10 min (Fig. 1N) and 24 h (Fig. 1O)
after the conditioning in cue- and context-dependent tests. These
results indicate that Cbln1 is required for fear conditioning as
early as at 1 month of age.

Cbln1 expression in the forebrain
Cbln1 mRNAs were reported to be expressed in certain forebrain
regions, albeit at much lower levels than in the cerebellum (Miura
et al., 2006). To clarify whether and how Cbln1 outside the cere-
bellum is involved in non-motor learning, we first performed
highly sensitive chromogenic in situ hybridization (ISH) by using
a long antisense riboprobe (Table 1). We found that Cbln1
mRNA was expressed in certain regions in the telencephalon,
including layer IV of the retrosplenial granular cortex (RSG; Fig.
2A,B,E,F,H), the claustrum (Fig. 2D,E), and the entorhinal cor-
tex (Fig. 2H); the signal was absent from the cingulate cortex (Cg;
Fig. 2D), the amygdala, and hippocampal formation, except for
low signals in interneurons or mossy cells in the dentate gyrus
(Fig. 2C). Cbln1 mRNA was also detected in the anteroventral,
anteromedial, and parafascicular nuclei of the thalamus, the lat-
eral habenular nucleus (LHb), and several nuclei in the hypothal-
amus (Fig. 2D–G). Cbln1 mRNA was also expressed in various
nuclei in the hindbrain, such as the parabrachial nucleus (Fig.
2I), trigeminal nucleus (Fig. 2I), vestibular nucleus (Fig. 2 J,L),
cochlear nuclei (Fig. 2K), and cerebellar nuclei (Fig. 2L). Speci-

ficity was ascertained by the lack of hybridizing signals using a
sense riboprobe (Fig. 2A, inset).

Because Cbln1 is released from presynaptic neurons and ex-
erts its function transsynaptically, we next examined Cbln1 pro-
tein localization. Interestingly, although Cbln1 mRNA signals
were mostly undetected in the hippocampus (Fig. 2), immuno-
histochemical analyses revealed that Cbln1 was located at the
molecular layer of the dentate gyrus and the stratum lacunosum-
moleculare of the hippocampus (Fig. 3A,B); these regions were
further confirmed by immunostaining for VGluT2 (Fig. 3B; Her-
zog et al., 2006). Cbln1 immunoreactivity was also localized in
the RSG, Cg, and LHb, but was undetected in the basolateral
amygdala (Fig. 3A). RSG was characterized by the strong VGluT2
immunoreactivity at the superficial layer (Fig. 3C; Oda et al.,
2014), which likely reflects inputs from the anteroventral nuclei
of the thalamus (Fig. 2D,E). As reported previously (Miura et al.,
2009), strong Cbln1 immunoreactivity was localized at the mo-
lecular layer of the cerebellum, where GluD2-immunopositive
Purkinje cells were located (Fig. 3D).

To clarify relationships between Cbln1 immunoreactivity and
presynaptic terminals, we next immunostained Cbln1 together
with VGluT1 or VGAT for excitatory or inhibitory inputs, re-
spectively. Cbln1 immunoreactive puncta were well colocalized
with VGluT1, but not with VGAT immunoreactivities in the mo-
lecular layer of the dentate gyrus or in the molecular layer of the
cerebellum (Fig. 3E,F), suggesting that Cbln1 in the hippocam-
pus is derived from excitatory input fibers (see the Discussion).
Together, these results indicate that Cbln1 may function in ex-
tracerebellar brain regions, such as the hippocampus and RSG,
which are reported to be involved in cue- and/or context-
dependent fear conditioning (Kim and Fanselow, 1992; Maren
and Holt, 2004; Hunsaker and Kesner, 2008; Keene and Bucci,
2008a, 2008b; Fanselow and Dong, 2010; Corcoran et al., 2011).

Impaired non-motor learning in FB-Cbln1-null mice
To examine the roles of Cbln1 signaling in the forebrain, we
generated loxP-based conditional Cbln1-null mice (Cbln1 flox/flox;
Fig. 4A) and crossed them with a transgenic mice line that ex-
pressed Cre recombinase under the Camk2a promoter (Camk2a-
Cre; Fig. 4B), which predominantly drives expression in the
forebrain (Zeng et al., 2001). Immunohistochemical analyses re-
vealed that Cbln1 was significantly reduced in the molecular layer
of the dentate gyrus, the stratum lacunosum-moleculare of the
hippocampus, and RSG in Camk2a-Cre/�; Cbln1 flox/flox mice
compared with that in their littermate controls Cbln1 flox/flox at
3–5 months; in contrast, no differences were observed in Cbln1
immunoreactivity in the cerebellum (Fig. 4C,D). Therefore, we
hereafter refer to Camk2a-Cre/�; Cbln1 flox/flox mice as FB-
Cbln1-null mice.

Because Camk2a-Cre-driven recombination of loxP occurs
progressively in various brain regions (Zeng et al., 2001) during
development, we also examined Cbln1 expression in FB-Cbln1-
null mice at 1 month. Although Cbln1 was significantly reduced
in the FB-Cbln1-null hippocampus at 1 month and at 3–5
months, it was intact in the RSG of 1-month-old FB-Cbln1-null
mice (Fig. 4E), suggesting that the involvement of RSG could be
assessed by examining phenotypes of juvenile FB-Cbln1-null
mice.

FB-Cbln1-null mice showed grossly normal appearance and
body weight (control, 21.1 � 0.4 g, n � 16; FB-Cbln1-null, 20.9 �
0.5 g, n � 14; p � 0.747 by Student’s t test) at 3–5 months of age. In
the open-field test, no differences were observed in total motor ac-
tivity (control, 18 � 1 m, n � 14; FB-Cbln1-null, 21 � 2 m, n � 12;

4

(Figure legend continued.) granular layer of the cerebellum; Gr, granular cell layer; LHb, lat-
eral habenula; LS, Lateral septum; MGB, medial geniculate body; ML, molecular layer of the
cerebellum; Or, stratum oriens; PCL, Purkinje cell layer; Py, pyramidal cell layer; Ra, stratum
radiatum; SSC, somatosensory cortex; St, striatum; VP, ventral posterior nucleus of the thala-
mus. Scale bars, 20 �m for the cerebellum and 500 �m for the rest of the panels. B, C, Immu-
noreactivity of Cbln1 (green) and VGluT2 (red) in the hippocampus (B) and the Cg and RSG (C).
D, Immunoreactivity of Cbln1 (green) and GluD2 (red) in the cerebellum. E, F, Immunoreactivity
of Cbln1 (green) and VGluT1 or VGAT (red) in the hippocampus. The regions indicated by rect-
angles (E) in the dentate gyrus molecular layer (DG-Mo) are enlarged in high-magnification
images (F). For comparison, co-immunostaining images of cerebellar molecular layer (Cb-ML)
are shown in the lower panels. Scale bars: E, 500 �m; F, 5 �m.
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p � 0.18 by Student’s t test) and the duration to stay at the center
(control, 10 � 2%, n � 14; FB-Cbln1-null, 9 � 2%, n � 12; p � 0.72
by Student’s t test) between control and FB-Cbln1-null mice. Simi-
larly, FB-Cbln1-null mice performed normal motor coordination in
the rotarod test (Fig. 5A). FB-Cbln1-null mice also showed normal

acoustic startle responses (Fig. 5B). These results indicate that basal
anxiety levels and sensory-motor functions were largely unaffected
in FB-Cbln1-null mice at 3–5 months.

Next, we investigated whether fear conditioning was affected
in FB-Cbln1-null mice at 3–5 months of age. Interestingly, al-

Figure 4. Generation and characterization of FB conditional Cbln1-null mice. A, Schematic representation of the Cbln1 genomic structure, targeting vector and targeted genes (Cbln1 flox and
conditional Cbln1-null). Filled triangles indicate loxP sequences. B, Breeding scheme. FB Cbln1-null (FB-Cbln1-null) mice were produced by crossing Cbln1 flox/flox with Camk2a-Cre mice.
C, Immunohistochemical analyses of Cbln1 expression in FB-Cbln1-null mice at 3–5 months of age. D, E, Cbln1 expression levels relative to those in control (Cbln1 flox/flox) mice. At 3–5 months, Cbln1
expression in the hippocampus (DG-Mo and LM) layer I of RSG was reduced in FB-Cbln1-null mice (D). **p � 1.41 � 10 �6; ##p � 0.0000338; *p � 0.0158. At 1 month, Cbln1 expression was also
reduced in the hippocampus, but not in RSG (E). **p � 9.19 � 10 �6; ##p � 0.0000949; n � 16 images for each from 3– 4 animals, Mann–Whitney U test. Cbln1 expression in other brain regions,
including Cg and cerebellum, was largely unaffected. For abbreviations, see the legend to Figure 3. Scale bars, 20 �m for the cerebellum and 500 �m for the rest of the panels.
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though FB-Cbln1-null mice attained levels of freezing responses
similar to the control (Cbln1 flox/flox) mice during and immedi-
ately after the acquisition session (Fig. 5C), they showed signifi-
cantly reduced context- and cue-dependent freezing at 10 min
and 24 h after conditioning (Fig. 5D,E). No differences in acqui-
sition and expression of context- and cue-conditioned fear mem-
ories were observed between wild-type and Camk2a-Cre mice
(Fig. 5F–H), indicating that the impaired fear memory retention/

recall was caused by the loss of Cbln1 signaling in the forebrain
regions.

Juvenile (1-month-old) FB-Cbln1-null mice showed essen-
tially the same phenotypes: In the open-field test, FB-Cbln1-null
and control mice moved similar distances (control, 12 � 2 m, n �
10; FB-Cbln1-null, 13 � 1 m, n � 16; p � 0.53 by Student’s t test)
and durations at the center (control, 5.0 � 1.1%, n � 10; FB-
Cbln1-null, 4.9 � 0.8%, n � 15; p � 0.94 by Student’s t test). The

Figure 5. Impaired fear conditioning and spatial learning in FB-Cbln1-null mice. A–H, Phenotypes of adult (3- to 5-month-old) FB-Cbln1-null mice. Adult FB-Cbln1-null mice showed normal
rotarod test (A) and acoustic startle reflex test (B); n � 11 for FB-Cbln1-null and n � 12 for control (Cbln1 flox/flox) mice. Although no differences were observed between control and FB-Cbln1-null
mice during acquisition (C; p � 0.19), contextual and cued memory were significantly impaired in adult FB-Cbln1-null mice at 10 min and 24 h after conditioning (D, E, **p � 1.05 � 10 �6; ##p �
0.00766; ††p � 0.00164; §§p � 0.00196; control (Cbln1 flox/flox), n � 14, FB-Cbln1-null, n � 13). In contrast, no differences were observed in acquisition (F) and retention/retrieval of contextual
and cued fear memory at 10 min (G) and 24 h (H) after conditioning between adult wild-type and Camk2a-Cre mice. I–L, Phenotypes of juvenile (1-month-old) FB-Cbln1-null mice. Juvenile
FB-Cbln1-null mice showed normal rotarod test (I); n � 17 for FB-Cbln1-null and n � 9 for control (Cbln1 flox/flox) mice. Like adult FB-Cbln1-null mice, although fear memory was acquired normally
(J), contextual and cued memory were significantly impaired in juvenile FB-Cbln1-null mice at 10 min and 24 h after conditioning (K, L, **p � 0.00696; ##p � 0.0213; ††, p � 0.00323; §§, p �
0.000131; control (Cbln1 flox/flox), n � 9, FB-Cbln1-null, n � 13). M, N, Impaired spatial learning in adult FB-Cbln1-null mice. A diagram showing the water radial maze test (M). Mice were randomly
placed in a start arm (S1-S5) and entries into arms without the platform in invisible trials were counted as errors. FB-Cbln1-null mice showed higher error number than controls (N, *p � 0.0455;
**p � 0.00735; n � 8 for each genotype).
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rotarod test performance was also normal (Fig. 5I). In contrast,
although freezing responses were normally acquired (Fig. 5J),
juvenile FB-Cbln1-null mice showed reduced freezing responses
in context and cued tests at 10 min and 24 h after conditioning
(Fig. 5K,L). These results are consistent with the reduced Cbln1
expression in the hippocampus of FB-Cbln1-null mice at 1
month of age (Fig. 4E) and suggest that Cbln1 in the RSG may not
play major roles in the fear conditioning.

To further examine the function of Cbln1 in the forebrain, we
performed the radial arm water maze test on FB-Cbln1-null mice
at 3–5 months of age (Fig. 5M). A platform was placed at one of
the six arms as a goal and entries into the arm without the plat-
form were counted as errors. No differences were observed be-
tween control and FB-Cbln1-null mice when the platform was
visible (control, 2.2 � 0.7, n � 8; FB-Cbln1-null, 2.0 � 0.5, n � 8;
p � 0.81 by Student’s t test), indicating that FB-Cbln1-null mice

have no deficit in visual or motor performances. In contrast,
FB-Cbln1-null mice showed larger numbers of errors than did the
controls during the invisible trials in blocks 2 and 3 (Fig. 5N).
Together, these data indicate that Cbln1 in the forebrain regions
is involved in non-motor learning in adult mice.

Cerebellar Cbln1 likely contributes to fear learning
To clarify whether cerebellar Cbln1 contributes to the non-motor
functions, we next crossed Cbln1 flox/flox mice with knock-in mice
that expressed Cre under the control of the gene encoding
GluN2C (Grin2C), which is predominantly expressed in cerebel-
lar granule cells (Fig. 6A; Miyazaki et al., 2012). Immunohisto-
chemical analyses revealed that Cbln1 was essentially absent in
the cerebellum of Grin2C Cre/�; Cbln1 flox/flox mice (Fig. 6B–E), a
result consistent with the ISH data showing predominant expres-
sion of Cbln1 mRNA in cerebellar granule cells (Fig. 2A, J,L;

Figure 6. Generation and characterization of CB conditional Cbln1-null mice. A, Breeding scheme. CB-Cbln1-null mice were produced by crossing Cbln1 flox/flox with Grin2C Cre/� mice. B–E,
Immunohistochemical analyses of Cbln1 at adult (3- to 5-month-old; B, D) and juvenile (1-month-old; C, E) CB-Cbln1-null mice. Cbln1 immunoreactivity was significantly reduced in the RSG in
addition to the cerebellum in both juvenile and adult CB-Cbln1-null mice. It was also reduced in the Cg in adult CB-Cbln1-null mice. For abbreviations, see the legend to Figure 3. Scale bars, 20 �m
for the cerebellum and 500 �m for the rest of the panels. Cbln1 expression levels relative to those in the control mice are shown (B; **p � 5.31 � 10 �5; ##p � 3.23 � 10 �5; ††p � 7.02 �
10 �11; n � 16 where n is the number of images derived from 3– 4 animals for each genotype). C, **p � 3.23 � 10 �5; ##p � 3.22 � 10 �5; n � 12 where n is the number of images derived from
3 animals for each genotype, Mann–Whitney U test).
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Miura et al., 2006). At 3–5 months of age, Cbln1 immunoreac-
tivity was largely unaffected in the forebrain region of these mice,
except for the RSG and Cg, compared with their littermate con-
trol Cbln1 flox/flox mice (Fig. 6B,D). At 1 month, the reduction of
Cbln1 immunoreactivity was only observed in the RSG in the
forebrain regions (Fig. 6C,E). Therefore, we refer to Grin2C Cre/�;
Cbln1 flox/flox mice as CB-Cbln1-null mice.

Like general Cbln1-null mice, adult (3–5 months old) CB-
Cbln1-null mice showed smaller body weight (control, 21.9 �
0.4 g, n � 18; CB-Cbln1-null, 19.9 � 0.4 g, n � 21; p � 0.00092 by
Student’s t test) and shorter latency to fall in the rotarod test (Fig.
7A). Similarly, in the open-field test, CB-Cbln1-null mice stayed
significantly longer at the center (control, 6 � 2%, n � 9; CB-
Cbln1-null, 15 � 3%, n � 11; p � 0.0363 by Student’s t test) and
tended to show reduced motor activities (control, 14 � 2 m, n �
11; CB-Cbln1-null, 9 � 2 m, n � 11; p � 0.08 by Student’s t test).
Their auditory startle responses were intact (Fig. 7B). Interest-
ingly, adult CB-Cbln1-null mice showed impaired context- and
cue-dependent fear condition during acquisition (Fig. 7C) and
retention/expression at 10 min and 24 h after the acquisition (Fig.
7D,E) compared with littermate controls (Cbln1 flox/flox). Because
one allele of the Grin2C gene was disrupted in CB-Cbln1-null
mice, we next assessed fear conditioning in Grin2C Cre/� mice. No
differences were observed in fear conditioning between control
(wild-type) and Grin2C Cre/� mice (Fig. 7F–H), indicating that
the loss of one Grin2C allele did not affect fear conditioning.

Finally, to further assess the effect of Cbln1 expression in the
Cg, we used CB-Cbln1-null mice at 1 month of age, when Cbln1
in the Cg was not reduced (Fig. 6C). Like general Cbln1-null mice
at 1 month (Fig. 1L), CB-Cbln1-null already showed poor perfor-
mance in the rotarod test (Fig. 7I), but their motor activities
(control, 13.5 � 0.7 m, n � 12; CB-Cbln1-null, 11.0 � 1.0 m, n �
13; p � 0.18 by Student’s t test) and durations to stay at the center
(control, 5 � 1%, n � 12; CB-Cbln1-null, 7 � 2%, n � 13; p �
0.37 by Student’s t test) were similar to those of wild-type mice in
the open-field test. Like general Cbln1-null mice at 1 month (Fig.
1M–O), CB-Cbln1-null mice showed slightly but significantly
lower levels of freezing responses than did the control
(Cbln1 flox/flox) mice during and immediately after the acquisition
session (Fig. 7J). In addition, they showed significantly reduced
context- and cue-dependent freezing responses at 10 min and
reduced cue-dependent freezing at 24 h after conditioning (Fig.
7K,L). To determine whether the retention/recall defects were
caused by impaired acquisition in CB-Cbln1-null mice, we per-
formed post hoc analyses of a subpopulation of CB-Cbln1-null
mice that displayed freezing responses to a level similar to that of
control mice immediately after the acquisition period (Fig. 7M).
These CB-Cbln1-null mice showed levels of freezing responses
similar to those shown by control mice at 10 min (Fig. 7N) and
24 h (Fig. 7O) after the conditioning. Together, these results in-
dicate that cerebellar Cbln1 contributes to fear learning, espe-
cially during the acquisition period.

Discussion
In the present study, we have shown that fear conditioning is
impaired in mice lacking Cbln1, a protein that plays an essential
role at PF–Purkinje cell synapses in the cerebellum. Immunohis-
tochemical analyses revealed that Cbln1 was present, not only in
the cerebellar granule cells, but also in the forebrain regions
including the hippocampus, RSG, and Cg. Using FB- and CB-
Cbln1-null mice, we found that Cbln1 mediated specific aspects
of fear conditioning both in the forebrain and the cerebellum
(Table 2).

Cbln1 signaling in the forebrain region
Cbln1 was originally identified as a precursor of the Purkinje cell-
and dorsal cochlear nucleus-specific peptide cerebellin (Slem-
mon et al., 1984; Mugnaini and Morgan, 1987). Although Cbln1
mRNA signals were expressed predominantly in the cerebellar
granule cells, which are the most numerous and densely packed
neurons in the brain, our chromogenic ISH analyses detected
Cbln1 mRNAs in various extracerebellar brain regions (Fig. 2A).
These results are largely consistent with those of our previous ISH
analyses using a radiolabeled oligonucleotide probe (Miura et al.,
2006); however, we have identified finer localizations of Cbln1
mRNAs at the level of layers and nuclei in various brain regions
(Table 1). Cbln1 immunoreactivity was detected in the brain
regions expressing Cbln1 mRNAs, with an important exception
for the hippocampus, where Cbln1 immunoreactivity was pres-
ent at the molecular layer of the dentate gyrus and the stratum
lacunosum-moleculare without overt mRNA expression (Figs.
2A, 3A,B). In contrast, Cbln1 immunoreactivity was reported
previously to be undetectable in the hippocampus (Wei et al.,
2007). However, in this earlier report, Cbln1 immunoreactivity
was localized to the cytoplasm of neurons immunopositive for
cathepsin D, a lysosomal marker. In addition, Cbln1 immunore-
activity completely recapitulated the pattern of expression of
�-galactosidase expressed under the Cbln1 promotor (Wei et al.,
2007), indicating that the reported Cbln1 immunoreactivity
likely reflects Cbln1 in the lysosomal compartment in neurons
producing and/or degrading Cbln1.

In contrast, punctate Cbln1 immunoreactivity was detected at
synaptic clefts between PFs and Purkinje cells in the cerebellum
after antigen-unmasking procedures (Miura et al., 2009), which
are often required to detect protein epitopes located at postsyn-
aptic densities and synaptic clefts (Watanabe et al., 1998; Lorincz
and Nusser, 2008). Using freshly frozen sections without trans-
cardiac perfusion, by which certain antigens located at synapses
are likely unmasked, we detected Cbln1-immunopositive puncta
colocalized with VGluT1 immunoreactivities at the molecular
layer of the dentate gyrus, as well as at the molecular layer of the
cerebellum (Fig. 3F). Whereas Purkinje cells completely lack
Cbln1 mRNAs (Fig. 2 J,L), Cbln1-immunopositive puncta were
highly accumulated along their dendrites in the molecular layer
(Fig. 3D) because Cbln1 released from PFs (axons of granule cells;
Hirai et al., 2005; Miura et al., 2009) bound to GluD2 expressed
on Purkinje cell dendrites (Matsuda et al., 2010). Considering
that the entorhinal cortex, which sends performant pathway fi-
bers to these hippocampal regions, expressed Cbln1 mRNAs (Fig.
2H), we propose that Cbln1 is released from performant path
axons and associates with GluD1, a family member of GluD2 that
binds to Cbln1 in vitro (Matsuda et al., 2010) and is expressed in
the hippocampus (Hepp et al., 2015; Konno et al., 2014).

Impaired fear conditioning in adult FB-Cbln1-null mice is the
first demonstration that Cbln1 plays an essential role in cognitive
functions in extracerebellar brain regions in vivo. The dorsal hip-
pocampus and RSG are thought to mediate retrieval/retention of
context-dependent fear memory (Kim and Fanselow, 1992;
Keene and Bucci, 2008a, 2008b; Corcoran et al., 2011). The ven-
tral hippocampus is thought to mainly mediate retention/re-
trieval of cue-dependent fear memory; however, it also affects
contextual memory (Maren and Holt, 2004; Hunsaker and Kes-
ner, 2008; Fanselow and Dong, 2010). Because fear conditioning
was similarly impaired in 1-month-old FB-Cbln1-null mice (Fig.
5J–L), in which Cbln1 immunoreactivity is reduced in the hip-
pocampus, but not in RSG or Cg (Fig. 4E, Table 2), Cbln1 in the
hippocampus (Fig. 4C–E) likely contributes to impaired cue- and
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Figure 7. Impaired fear conditioning in CB-Cbln1-null mice. A–H, Phenotypes of adult (3- to 5-month-old) CB-Cbln1-null mice. Adult CB-Cbln1-null mice showed significantly shorter latency to
fall in the rotarod test (A; ***p � 1.68 � 10 �8), but normal acoustic startle response (B). Control (Cbln1 flox/flox), n � 10, CB-Cbln1-null, n � 11. Acquisition (C) and retention/retrieval at 10 min
(D) and 24 h (E) after conditioning were impaired in adult CB-Cbln1-null mice (**p � 0.00145; ##p � 0.0000717; ††p � 0.000949; §§p � 0.00472; *p � 0.0138; control (Cbln1 flox/flox), n � 7,
CB-Cbln1-null, n � 10). No differences were observed in acquisition (F) and retention/retrieval of fear memory at 10 min (G) and 24 h (H) after conditioning between control (wild-type) and
Grin2C Cre/� mice at 3–5 months of age. Control, n � 10, Grin2C Cre/�, n � 11. I–O, Phenotypes of juvenile (1-month-old) CB-Cbln1-null mice. Juvenile CB-Cbln1-null mice showed significantly
shorter latency to fall in the rotarod test (I; ***p � 1.14 � 10 �6; control (Cbln1 flox/flox), n � 10, CB-Cbln1-null, n � 10). Acquisition (J) and retention/retrieval of contextual and cued fear memory
at 10 min (K) and cued memory at 24 h (L) after conditioning were impaired in CB-Cbln1-null mice at 1 month (*p � 0.0234; ##p � 0.000865; ††p � 0.00934; §§p � 0.00489; control
(Cbln1 flox/flox), n � 9, CB-Cbln1-null, n � 11). Subpopulations of control mice that showed less freezing and CB-Cbln1-null mice that showed more freezing were selected arbitrarily in post hoc
analyses so that both groups showed a similar levels of acquisition of fear memory (M). The subpopulations of juvenile CB-Cbln1-null mice showed similar levels of freezing responses to those shown
by control (Cbln1 flox/flox) mice (N, O; control, n � 7, CB-Cbln1-null, n � 7).
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context-dependent fear memory in juvenile and adult FB-Cbln1-
null mice. However, whereas acquisition of fear conditioning was
unaffected in FB-Cbln1-null mice (Fig. 5C, J), it was impaired
when the ventral hippocampus was inactivated globally by elec-
trolysis or drug infusions (Maren and Holt, 2004; Hunsaker and
Kesner, 2008). Therefore, loss of Cbln1 may affect specific syn-
apses in the hippocampus that are necessary for retention/re-
trieval of fear memory without affecting the acquisition phase.
The loss of Cbln1 may also have affected brain regions other than
the hippocampus in FB-Cbln1-null mice. For example, the spine
density of medium spiny neurons was reported to increase in the
striatum of Cbln1-null mice (Kusnoor et al., 2010); Cbln1 in the
striatum may be derived from thalamic and/or cortical inputs
because Cbln1 mRNA is not expressed there (Fig. 2A,D, Table 1).
The use of a conditional Cbln1 knock-out more specific to the
subtypes of neurons and brain regions will be necessary to further
clarify where and how Cbln1 mediates retention/retrieval of fear
memory in the forebrain.

Like Cbln1, many genes predominantly expressed in the cere-
bellum are detected in small populations of neurons in other
brain regions at lower levels. For example, although GluD2 was
thought to be expressed exclusively in cerebellar Purkinje cells
(Araki et al., 1993; Lomeli et al., 1993), low levels of GluD2 were
reported recently in the hippocampus, Cg, and cerebral cortex
(Hepp et al., 2015; Konno et al., 2014). Mutations in the GRID2
gene are associated with ASD (Gazzellone et al., 2014; Pinto et al.,
2014) and cognitive impairment (Hills et al., 2013; Utine et al.,
2013; Maier et al., 2014) in humans. Our findings on fear condi-
tioning in FB-Cbln1-null mice indicate that the roles of GRID2,
and possibly other cerebellar-predominant genes, in extracer-
ebellar regions need to be assessed carefully when assigning cog-
nitive functions to the cerebellum.

Contribution of the cerebellum to fear conditioning
Acquisition of fear conditioning was impaired significantly in
juvenile and adult CB-Cbln1-null (Fig. 7C, J) and Cbln1-null
mice (Fig. 1F,M). Although Cbln1 immunoreactivity was com-
monly reduced in RSG in addition to the cerebellum in both
juvenile and adult CB-Cbln1-null mice (Fig. 6B,C), acquisition
of fear conditioning was intact in adult FB-Cbln1-null mice (Fig.
5C), in which Cbln1 was also reduced in RSG (Fig. 4D, Table 2).
Despite motor discoordination and ataxia, the sensorimotor sys-
tems necessary for fear conditioning were largely intact in Cbln1-
null mice (Fig. 1D; Emi et al., 2013). In addition, freezing
responses to the predator odor were similarly observed in wild-
type and Cbln1-null mice (Fig. 1E). Therefore, Cbln1 signaling in
the cerebellum is likely responsible for the acquisition of cued
and contextual fear memory.

Acquisition and retention/retrieval of fear memory were re-
ported previously to be intact in two cerebellum-specific mutant

mice lines, L7-gabra2� / � and L7-Slc12a5� / �, in which inhibi-
tory inputs to Purkinje cells were compromised (Galliano et al.,
2013). These mice also showed normal social interaction and
spatial orientation in the Morris water maze. Although inhibitory
inputs that modulate the duration of Purkinje cell firing were
absent, other major synaptic inputs such as climbing fibers, PFs,
and mossy fibers were intact in these mice. In addition, synaptic
plasticity at PF–Purkinje cells was unaffected in L7-gabra2� / �

mice (Wulff et al., 2009). In contrast, the number of PF–Purkinje
cell synapses was severely reduced and long-term depression was
absent in Cbln1-null mice (Hirai et al., 2005). Therefore, the
discrepancy may be explained by the less severe functional im-
pairment in the L7-gabra2� / � and L7-Slc12a5� / � cerebellum.
Indeed, two of five ASD mouse models, L7-Cre;tsc1�/flox and
Shank3�/ 	 C, in which disrupted genes were specifically ex-
pressed in the cerebellum, showed ASD-related behaviors such as
impaired social behavior, repetitive behaviors, and ultrasonic vo-
calization (Kloth et al., 2015). Interestingly, delayed eye-blink
conditioning, a form of associative sensory learning, was also
perturbed in these mice. Cerebellar circuits play essential roles in
determining the adaptive timing of conditioned responses by as-
sociating an air puff (US) with tone (Koekkoek et al., 2003) and
other sensory modalities (Ohmae and Medina, 2015) during eye-
blink conditioning. It is thus possible that the cerebellum, by
communicating with the forebrain, may help to integrate US with
sensory modalities in a time window during the acquisition phase
of cued and contextual fear conditioning. To understand how the
cerebellar circuits contribute to cognitive functions associated
with ASD and psychiatric disorders, further studies on eye-blink
and fear conditioning in mice, in which genes are manipulated in
a synapse-specific manner, are warranted.
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