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Abstract The postnatal development of the cerebellum is
accomplished via a series of cytogenetic and morphogenetic
events encoded in the genome. To decipher the underlying
genetic basis of these events we have systematized the
spatio-temporal gene expression profiles during mouse
cerebellar development in the Cerebellar Development
Transcriptome Database (CDT-DB). Using the CDT-DB,
Ca2+-dependent activator protein for secretion 2 (CAPS2 or
CADPS2) was identified as a developmentally regulated
gene that is predominantly expressed in cerebellar granule
cells (GCs) with an expression peak around the first or
second postnatal week. CAPS2 protein is concentrated in
parallel fiber (PF) terminals and is associated with secretory
vesicles containing brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3). CAPS2 enhances
release of BDNF and NT-3, both of which are essential
for normal cerebellar development. CAPS2-deficient
(CAPS2−/−) mice show reduced secretion of BDNF and
NT-3; consequently, the cerebella of these mice exhibit
developmental deficits, such as delayed development and
increased cell death in GCs, fewer branched dendrites on
Purkinje cells (PCs), and loss of the intercrural fissure. The
PF-PC synapses have aberrant cytoarchitectures and elec-
trophysiological properties. These abnormal cellular and

morphological phenotypes are more severe around the
cerebellar vermis, in which hypoplasia has been reported
in autism patients. Moreover, CAPS2−/− mice had fewer cor-
tical and hippocampal parvalbumin-positive interneurons
and some autistic-like behavioral phenotypes. In the CAPS2
genes of some autistic patients an aberrant splicing variant
and non-synonymous SNPs have been identified. These
recent studies implicate CAPS2 in autism susceptibility.
Therefore, CAPS2−/− mice will be a useful model animal in
which to study aspects of the neuropathology and behaviors
characteristic of developmental disorders.
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Introduction

Ca2+-dependent activator protein for secretion 2 (CAPS2 or
CADPS2), one of the developmentally regulated genes
identified in the cerebellar development transcriptome
database (CDT-DB) project [1], is predominantly expressed
in post-mitotic cerebellar granule cells (GCs) with an
expression peak around the first or second postnatal week
when various cellular developmental events are actively
occurring. CAPS2 protein is associated with secretory
vesicles containing neurotrophin-3 (NT-3) and brain-derived
neurotrophic factor (BDNF) within parallel fiber (PF, axons
of GCs) terminals and promotes release of NT-3 and BDNF
in primary cerebellar cultures and in a heterologous expres-
sion system [2–4].

Several lines of in vivo evidence obtained by targeted
gene disruption in mice have demonstrated that CAPS2 is
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involved in BDNF and NT-3 release: the CAPS2 deficiency
causes impaired cerebellar development and function, includ-
ing delayed development of GCs, increased cell death of GCs
and Purkinje cells (PCs), atrophic dendrite arbors in PCs,
impaired formation and electrophysiology of PF-PC synapses,
hypoplasia of the vermis, and eye movement adaptation
[5, 6]. Furthermore, CAPS2-deficient mice not only dis-
played aberrant cellular phenotypes in the cortex and
hippocampus (fewer parvalbumin-positive interneurons),
but also exhibited some autistic-like behavioral phenotypes
(impaired social interaction, hyperactivity in a familiar
environment, decreased exploratory behavior, and increased
anxiety in an unfamiliar environment).

A study of the expression of CAPS2 in autism, a
developmental disorder, showed that a subgroup of autistic
patients express an aberrant alternatively spliced CAPS2
that is not properly transported into axons, presumably
resulting in a deficit in local synaptic BDNF release [6]. In
addition, seven missense single-nucleotide polymorphisms
(SNPs) were identified in the CAPS2 genes of some autistic
patients [6].

In this review, we provide an overview of the identifi-
cation of CAPS2 based on its spatio-temporal expression
profile during cerebellar development and demonstrate an
indispensable role of CAPS2-mediated BDNF and NT-3
release in normal brain development. We also discuss the
role of CAPS2 in autism susceptibility, the autistic-like pheno-
types of CAPS2-deficient mice, and the aberrant splicing and
SNPs of the CAPS2 genes of autistic individuals.

Identification of CAPS2 via a Cerebellar Development
Transcriptome Study

Elucidating both spatial (cellular and regional) and temporal
(developmental time series) gene expression patterns in
developing brains is critical to understanding the brain devel-
opment transcriptome. We investigated the gene expression
profiles of mouse cerebellum during postnatal development
by differential display and microarray (GeneChip) analyses
for temporal expression profiling, and by in situ hybridization
for spatial expression profiling [1]. Spatio-temporal gene
expression profile data were systematized into the Cerebellar
Development Transcriptome Database (CDT-DB). The CDT-
DB indicates that the postnatal development of the mouse
cerebellum is programmed by thousands of different genes,
which exhibit differential expression patterns in time and
space in developing mouse brains [1]. The CDT-DB will be
useful to understand the transcriptomic bases underlying
cerebellar development.

Another advantage of this systematic approach is to
provide us with a foundation for mining potentially impor-
tant gene candidates that have characteristic expression

profiles in particular cell types or during a particular time
window, and thus are implicated in particular brain develop-
ment events. We have thus far identified various such brain
development genes by CDT-DB searches for characteristic
spatio-temporal expression patterns. CAPS2 (Fig. 1a) is
expressed in post-mitotic GCs of the inner EGL (iEGL) and
internal granular layer (IGL) (Fig. 1c) with an expression
peak around postnatal day (P)7–12 (Fig. 1b) and is a BDNF
release regulator that is potentially associated with autism
[3, 4, 6, 7]. Cupidin/Homer2 is predominantly expressed in
early-stage GCs and is a postsynaptic density scaffold
protein that tethers mGluR1α/5, inositol 1,4,5-trisphosphate
receptor, and Shank [8, 9]. p130Cas/Bcar1 is expressed in
GCs in the developing EGL and IGL, and is a Src-type
tyrosine kinase signaling adaptor that regulates growth cone
extension [10]. Very-KIND is expressed in IGL GCs during
the mid to late stages of cerebellar development, and is a
brain-specific Ras guanine nucleotide exchanger that
regulates dendrite growth [11]. Opalin/Tmem10 is up-
regulated in the white matter and is an oligodendrocyte
myelin glycoprotein [12, 13]. In this review, we focus on
the expression pattern and function of CAPS2 and the
autistic-like phenotypes of CAPS2-deficient mice.

Ca2+-Dependent Activator Protein for Secretion 2

CAPS2/CADPS2 (Fig. 1a) is a paralog of CAPS1/CADPS1
[3, 14, 15], which was first characterized as a neural/
neuroendocrine-specific cytosolic component regulating
Ca2+-triggered dense-core vesicle (DCV) exocytosis [16–
20]. Recent studies have demonstrated that the two CAPS
family members likely exert regulatory roles in the secre-
tion of neuropeptides and monoaminergic transmitters
from different neurons and neuroendocrine cells. CAPS2-
mediated secretion plays an important role in the elaborate
synapse and dendrite development of some types of
cerebellar, neocortical and hippocampal neurons. Our study
on CAPS2-knockout (KO) mice and autistic patients
suggested that CAPS2 impairment may affect behavioral
traits, including quality of social interaction behaviors.

CAPS2 is Concentrated in the Parallel Fibers, Whereas
CAPS1 is Enriched in Glomeruli and Climbing Fibers

CAPS2 mRNA is predominantly expressed in post-mitotic
GCs during postnatal cerebellar development, whereas
CAPS1 mRNA is widely expressed in granule, Golgi,
Purkinje, stellate, and basket cells in the cerebellum
(Fig. 1c) [3, 7]. CAPS2 protein is abundantly localized in
PFs, whereas CAPS1 protein is concentrated in climbing
fiber (CF) terminals of the molecular layer (ML) and
glomeruli of the internal granular layer (IGL) (Fig. 1d),
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indicating that the two CAPS family members are involved
in secretions from different cerebellar neurons and afferent
fibers, as well as from different cellular compartments (for
example, presynaptic or somatodendritic).

CAPS Family Proteins Function in the Secretion Pathway

Many previous studies have shown that CAPS family
proteins are involved in DCV exocytosis for various
monoaminergic transmitters and neuropeptides (for exam-
ple, release of norepinephrine from PC12 neuroendocrine
cells [19] and rat brain synaptosomes [16, 17], release of
catecholamine from mouse adrenal chromaffin cells [20],
insulin release from mouse pancreatic β-cells [21, 22], and
release of atrial natriuretic peptide (ANP) from mouse arterial
myocytes [23]). It is of interest that reduced expression of
CAPS1, together with many components of the catechol-
amine secretion pathway, was shown in pheochromocytoma
of patients with von Hippel–Lindau syndrome [24].

CAPS1 interacts with membrane phosphatidylinositol
4,5-bisphosphate (PIP2) [25–28], which was suggested to
be involved in the priming of DCV exocytosis [25, 26]. The
sole CAPS ortholog UNC-31 in the Caenorhabditis elegans
nervous system was also suggested to promote DCV
exocytosis like the SV priming protein UNC-13 (Munc13
in mice) [29, 30]. There is, however, a debate regarding
whether CAPS directly regulates DCV exocytosis. Recent
studies on CAPS knockout mice suggested different
function(s) by which CAPS regulates uptake or storage of
catecholamine in the DCVs of chromaffin cells [31] and
vesicular serotonin uptake in embryonic brains [32] and
modulates priming, exocytosis, and stability of insulin
granules in pancreatic β cells [22]. Moreover, a recent
study on glutamatergic synapses of hippocampal neurons
showed that CAPS is essential for the generation of readily
releasable SVs by acting in the priming pathway like
Munc13 [33]. On the contrary, several other studies support
a role for CAPS proteins in exocytosis, but not in the
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Fig. 1. Spatio-temporal expression of CAPS family members in the
developing mouse cerebellum. a A schematic depiction of the
predicted CAPS2 protein (aa 1–1,264). The dynactin1/p150Glued-
interacting domain (DID), C2 domain (C2), pleckstrin homology
domain (PH), and Munc13–1 homologous domain (MHD) are
represented; these domains correspond to amino acid positions 134–
331, 367–456, 494–596, and 677–1,166, respectively. b Time-series
expression patterns (RT-PCR data) of CAPS2 mRNA and CAPS1
mRNA during postnatal cerebellar development. c Spatial cellular
expression patterns (in situ hybridization data) of CAPS2 mRNA and

CAPS1 mRNA in the whole brains, cerebella, and cerebellar cortices
of mice at P7 and P21. Scale bars in panels of cerebellar cortex,
100 µm. These spatio-temporal expression data are deposited in the
CDT-DB (http://www.cdtdb.brain.riken.jp). d Immunolocalization of
CAPS2 protein (left) and CAP1 protein (right) in the same sagittal
section of P8 (top panels) and P28 (bottom panels) wild-type
cerebellum. Scale bars 20 µm. oEGL outer external granular layer,
iEGL inner external granular layer, ML molecular layer, PCL Purkinje
cell layer, IGL internal granular layer, WM white matter
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loading of DCVs [34, 35] and a role in DCV exocytosis but
not in SV exocytosis [29, 30]. Therefore, CAPS function is
still a controversial issue.

Although the molecular mechanism underlying CAPS-
mediated secretion has not been defined yet, as described
above, it was shown that CAPS is genetically and/or
functionally associated with the insulinoma-associated
protein IA-2 [36], the syntaxin-interacting protein tomosyn
[37], the Ras-like small GTPase RRP17/Rasl10b [23], the
D2 dopamine receptor [38], the hetero-trimetric G-protein
Gαs [39] and the Go2 pathway [32]. It should also be noted
that immunoreactivity for CAPS2 was colocalized with that
for the t-SNARE proteins VAMPs, the v-SNARE protein
SNAP-25, and the endocytosis-related protein dynamin I
[7]. Whether or not these vesicle trafficking-related proteins
are commonly used by the CAPS2-associated secretion
pathway remains to be determined.

CAPS2 is Involved in BDNF and NT-3 Release
from Parallel Fibers

CAPS family proteins are involved in monoaminergic or
neuropeptidergic secretion from various neurons and
neuroendocrine cells. It is intriguing what kinds of
secretory substances are released via the CAPS-mediated
secretion pathway in the cerebellum. Cerebellar granule
cells express neither tyrosine hydroxylase (TH), the first
enzymatic step in catecholamine synthesis [40, 41], nor
dopamine-β-hydroxylase [42], indicating that CAPS2 is not
involved in catecholamine release in the cerebellum. On the
other hand, Purkinje cells, which express CAPS1, express
TH but have no catecholamine biosynthetic activity [40,
41]. A recent KO mouse study suggested that CAPS is
associated with insulin granule secretion from pancreatic
β-cells [22]. Although insulin stimulation was shown to
induce tyrosine phosphorylation of the insulin receptor and
its downstream signaling proteins SHC and GRB2 in
mouse cerebellum [43, 44], it remains unclear not only
whether any cerebellar neurons or afferent terminals release
insulin, but also whether CAPS is associated with insulin
secretion in the cerebellum.

It should be noted that the highest expression level of
CAPS2 is present in the PFs of cerebellar granule cells
(Fig. 1c, d). Immunogold electron microscopy revealed that
CAPS2 protein is concentrated near vesicular and membra-
nous structures within the PF terminals [3]. Immuno-
screening for possible secretory substances within vesicle
fractions immunoaffinity purified with anti-CAPS2 anti-
body intriguingly indicated the presence of two neuro-
trophins, BDNF, and NT-3, as well as the DCV marker
chromogranin B [3]. These data suggest that CAPS2
protein is associated with BDNF- or NT-3-containing
vesicles within PF terminals. Over-expression of exogenous

CAPS2 not only enhances depolarization-induced (high
KCl-induced) NT-3 and BDNF release from PC12 cells and
cerebellar granule cells, but also promotes Purkinje cell
survival [3]. In addition to BDNF release from cerebellar
granule cells, BDNF is also thought to be released from CF
terminals originating in the inferior olive [45]. CAPS1, but
not CAPS2, is expressed in the inferior olive [7] and was
found to be colocalized with VGLUT2, a CF terminal
marker, around the proximal dendrites of Purkinje cells
(Fig. 1d) [5], suggesting the possible involvement of
CAPS1 in BDNF release from CF terminals.

Possible Role of CAPS2-Mediated BDNF and NT-3
Release in Cerebellar Development

During postnatal development, the mouse cerebellum under-
goes a series of magnificent cellular events to accomplish the
formation of cerebellar circuit architectures. Granule cells
are generated by vigorous cell proliferation in the EGL to
reach an immense cell number of approximately half the
neurons in the brain, extend their PF axons, and migrate
downward to form the IGL. Purkinje cells undergo extensive
outgrowth of dendrites and form elaborate arbors with
numerous synapses with the extending PFs of granule cells.
During this period, NT-3 expression is down-regulated and
BDNF expression is up-regulated [46–48]. In the mouse
cerebellum, BDNF and NT-3 released by granule cells bind
to their Trk receptors, TrkB and TrkC, respectively, on both
postsynaptic Purkinje cells and presynaptic granule cells,
thereby leading to Trk signaling in an autocrine-paracrine
and anterograde fashion [49]. BDNF-TrkB and NT-3-TrkC
signaling are essential for the differentiation and survival of
both granule cells and Purkinje cells [50–55]. Mice genetically
lacking either BDNF [56–58] or NT-3 [59] showed abnormal
cerebellar morphology. Thus CAPS2-mediated NT-3 and
BDNF release is expected to play an important role in
postnatal cerebellar development, which has been shown by
the analysis of CAPS2-deficient mice as described below.

Developmental and Functional Abnormalities
in the Cerebella of CAPS2-Deficient Mice

Homozygous CAPS2-deficient (CAPS2−/−) pups are born
at the expected Mendelian frequency [5, 6]. CAPS2−/− mice
exhibit no obvious difference in life expectancy from
control mice and have normal reproductive ability. The
appearance of CAPS2−/− mice is normal except for slightly
decreased body weights. In marked contrast, CAPS1-
knockout (CAPS1−/−) mice die shortly after birth [31].
CAPS2−/− mice have complete loss of ability to produce
CAPS2 protein (Fig. 2a) with no significant alteration in
CAPS1 protein expression.
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Impaired Neurotrophin Signaling in the CAPS2−/−

Cerebellum

In primary cerebellar cultures, the spontaneously secreted
NT-3 level in the CAPS2−/− culture medium at 8 days in
vitro (DIV) was only approximately 36% of the level in
wild-type culture medium, but there was no significant
difference between the CAPS2−/− and wild-type cultures in
terms of the total amount of NT-3 in cell lysates [5].
Although both NT-3 and BDNF synaptically released from
presynaptic granule cells are known to be internalized into
postsynaptic Purkinje cells, NT-3 and BDNF immuno-
reactivities in Purkinje cells were diminished in CAPS2−/−

mice. Moreover, although binding of NT-3 and BDNF leads
to autophosphorylation of TrkC and TrkB receptors, respec-
tively, the intense immunoreactivity to phosphorylated Trk
normally observed in the upper MLs of wild-type mice was
considerably reduced in those of CAPS2−/− mice. Taken
together, these data indicated that loss of CAPS2 results in

a deficit in NT-3 and BDNF release followed by Trk
receptor activation in target cells.

Aberrant Cytoarchitecture and Increased Cell Death
in the CAPS2−/− Cerebellum

CAPS2−/− mice exhibit no overt abnormality of gross brain
anatomy, with the exception of the absence of the intercrural
fissure between vermal lobules VI and VII [5]. However,
development of cerebellar neurons is found to be severely
impaired. At P8, the dendritic arbors of CAPS2−/− Purkinje
cells are reduced to approximately half the average length
of those of wild-type Purkinje cells (Fig. 2c). At P28, the
thickness of the ML is almost indistinguishable between
wild-type and CAPS2−/− cerebella, but less branched den-
dritic arbors are observed in many CAPS2−/− Purkinje cells
(Fig. 2d). The EGL in the CAPS2−/− cerebellum is still
thick at P17, when it is barely detectable in the wild-type
cerebellum (Fig. 2b), although it is no longer detectable at
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Fig. 2. Cerebellar phenotypes of CAPS2−/− mice. a Western blot
analysis of CAPS2 protein expression in the cerebella, cerebrums, and
hippocampi of wild-type (+/+), heterozygote (+/−) and homozygote
(−/−) CAPS2-deficient mice. b Delayed granule cell development in
CAPS2−/− cerebellum. Cresyl violet-stained images of vermal lobule
VI from sagittal sections of P17 wild-type (left) and CAPS2−/− (right)
cerebella. The EGL is indicated by a square bracket. Scale bar 25 µm.
c Scant outgrowth of Purkinje cell dendrites in CAPS2−/− cerebellum.
Sagittal sections of P8 wild-type (left) and CAPS2−/− (right) cerebella
were immunolabeled with an anti-calbindin antibody. Scale bars
50 µm. d Atrophic dendritic arbors of Purkinje cells in CAPS2−/−

cerebellum. P8 wild-type (left) and CAPS2−/− (right) Purkinje cells in

lobule V were visualized by Golgi staining. Scale bars 10 µm. e
Enlarged presynaptic terminals and decreased vesicle distribution in
the PF-PC synapses of CAPS2−/− mice. Electron micrographs of a PF-
PC synapse in the P15 wild-type (left) and CAPS2−/− (right)
cerebellum. Asterisks represent presynaptic terminals of PFs. Scale
bars 200 nm. f Impaired short-term synaptic plasticity at PF-PC
synapses of cerebellar lobules VI–VII at P15–P21.The mean paired-
pulse facilitation (PPF) ratios of excitatory postsynaptic currents
(EPSCs) are plotted against various inter-stimulus intervals (ms).
Insets show representative traces of the first and second stimulation.
*p<0.05; **p<0.01; ***p<0.001 by the Mann–Whitney U test
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P28, indicating a delay in granule cell development. In
the CAPS2−/− cerebellum at P8, increased cell death is
observed in the EGL of lobules VI–VII and lobule IX
compared with wild-type cerebellum. Hypoplasia of cere-
bellar lobules VI and VII was also reported in a sub-
population of autistic patients that underwent magnetic
resonance imaging (MRI) [60, 61]. There are considerably
fewer calbindin-positive (Calb+) Purkinje cells in primary
cultures of CAPS2−/− cerebellum, the number being approxi-
mately 41% of that in wild-type cultures. By culturing cells in
BDNF-supplemented media, the survival rate of CAPS2−/−

Purkinje cells was significantly increased in comparison with
cells cultured in media containing no BDNF. A reduction in
the number of Calb+ Purkinje cells to about 80% of the
normal level was also observed in sections of the P28
cerebellum. These data indicate the functional importance of
CAPS2 for cerebellar development.

Impaired Morphology and Electrophysiology in the PF-PC
Synapses of CAPS2−/− Mice

In the PF-PC synapses of the CAPS2−/− cerebellum at P15,
the vesicles within the PF terminals appear to be located
normally around the active zones, but are considerably
reduced in number around extrasynaptic sites in compari-
son with wild-type cerebellum (Fig. 2e) [5]. The terminal
boutons of CAPS2−/− PFs are larger than those of wild-type
PFs. At 12 weeks postnatal, the morphology of PF-PC
synapses becomes indistinguishable between wild-type and
CAPS2−/− cerebella, except in lobules VI and VII, in which
morphological abnormalities of PF-PC synapses (enlarged
presynaptic boutons and divided postsynaptic densities)
remain obvious, even in the adult.

There is little difference between wild-type and CAPS2−/−

mice in terms of the peak amplitudes of PF excitatory
postsynaptic currents (PF-EPSCs). However, paired-pulse
facilitation (PPF) of the PF-EPSC is impaired in the PF-PC
synapses of CAPS2−/− mice. This impaired presynaptic
function is observed in the anterior (lobules II–V), central
(lobules VI–VII) (Fig. 2f), and posterior lobes (lobule IX),
between P15 and 21, but only in lobules VI–VII between

P43 and 54. Thus, lobules VI–VII seem to be more
vulnerable to a loss of CAPS2 function. These results
indicate that although basic synaptic transmission at PF-PC
synapses of CAPS2−/− mice is unimpaired, PPF, a kind of
short-term plasticity, is impaired.

Abnormal Cerebellum-Related Behaviors
of CAPS2−/− Mice

In terms of coordinated motor performance on a rotarod
treadmill test, young CAPS2−/− mice (P28) show low to
moderate performance in comparison with their wild-type
littermates [5]. However, this impairment tends to be
relieved by P56, indicating that CAPS2−/− mice have an
impairment of their motor coordination ability that is
capable of recovery with advancing age of the animal, by
an unknown mechanism that appears to compensate for the
loss of CAPS2.

The vestibulo-ocular reflex (VOR) and optokinetic
response (OKR) are controlled by the cerebellum. There
were no significant differences between wild-type and
CAPS2−/− mice in terms of the gains of the horizontal
VOR (HVOR) or horizontal OKR (HOKR), and the phases
of the HVOR were also almost the same in CAPS2−/− mice
and their wild-type littermates. However, the loss of CAPS2
leads to an eye movement disorder characterized by
impaired gain and adaptation of the HOKR [5].

Similar Abnormalities of Cerebellar Phenotypes
in CAPS2−/−, BDNF−/−, and NT-3−/− Mice

CAPS2−/− mice have phenotypes similar to those observed
in BDNF−/− mice (Table 1) [56–58] and cerebellum-specific
NT-3−/− mice [59], namely, aberrant arborization of Purkinje
cells in BDNF−/− mice [57, 58], a thicker EGL in P17
BDNF−/− mice [56, 57], increased apoptosis and a lobulation
deficit in BDNF−/− mice [57] and NT-3−/− mice [59], pre-
synaptic swelling of PF terminals in BDNF−/− mice [58], and
impaired PPF at PF-PC synapses in BDNF−/− mice [58]. The
enlarged PF terminal boutons of CAPS2−/− mice are also
reminiscent of the enlarged presynaptic boutons reported in

Cerebellar phenotypes CAPS2 knockout mice BDNF knockout mice

Lobules VI and VII Hypoplasiaa Hypoplasiab

Apoptosis Increased granule cell apoptosis Increased granule cell apoptosisb

Number of Purkinje cells Decreaseda n.d.

Arborization of Purkinje cells Aberrant arborization Aberrant arborization

Granule cell migration Impaired (delayed schedule) Impaired (delayed schedule)

PF-PC synapse (structure) Presynaptic swelling of PF terminals Presynaptic swelling of PF terminals

PF-PC synapse (function) Impaired PPF at PF-PC synapses Impaired PPF at PF-PC synapses

Table 1 Comparison of
cerebellar phenotypes between
CAPS2 and BDNF knockout
mice

n.d. not determined
a phenotype reminiscent
of autism
b phenotype similarly observed
in NT-3 knockout mice
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the hippocampal neurons of TrkB−/− animals [62]. Thus,
these morphological and physiological phenotypes of
CAPS2−/− mice imply that CAPS2 function is closely
correlated with the neurotrophic actions of BDNF and NT-
3 in the cerebellum. However, CAPS2−/− mice also exhibit
several other phenotypes distinct from those of BDNF and
NT-3 mutant mice: BDNF−/− mice have a short life span [56]
andNT-3−/− mice die soon after birth [63], whereas CAPS2−/−

mice are viable. The distributions of these proteins do not
completely overlap throughout the brain, as BDNF in the
hypothalamus is co-distributed with CAPS1 rather than with
CAPS2 [7]. Therefore, in some brain regions, CAPS1 may be
involved in secretion of BDNF and/or NT-3.

Association Between the CAPS2 Gene and Autism

Autism is a severe neurodevelopmental disorder marked
by profound disturbances in social, communicative, and
behavioral functioning [64, 65]. Epidemiological studies
have shown a high prevalence of autism spectrum disorders
(three to six affected per 1,000 people) [66]. The concor-
dance rate in monozygotic twins is between 70% and 90%
[67], suggesting that autism has a prominent genetic com-
ponent [68]. One susceptibility locus for autism was
mapped to human chromosome 7q31–q33 (autism suscep-
tibility locus 1; AUTS1) [69] and the human CAPS2 gene
is located on chromosome 7q31.32 within the AUTS1 locus
[6]. The presence of de novo copy number variation owing
to a microdeletion of the chromosomal region containing
the CAPS2 gene has also been reported in some autistic
patients [68]. Moreover, a subgroup of autistic patients
exhibits several abnormalities in cerebellar morphology and
function, including a significant loss of Purkinje cells [70,
71], hypoplasia of the cerebellar lobules [60, 61, 72] and
impaired eye movement [73] and motor coordination [74],
most of which are similarly characteristic of CAPS2−/−

mice, as described above (also see Table 1). In addition,
CAPS2−/− mice display some other cellular and behavioral
phenotypes reminiscent of autism, as described below.

Cellular Deficits in the Cerebrum and Hippocampus
of CAPS2−/− Mice

In addition to the cerebellum, BDNF release from primary
cultures of CAPS2−/− neocortical neurons during 21 DIV
was also reduced relative to the levels in wild-type cultures
[6]. On the other hand, there was no significant difference
in the levels of NT-3 or NGF between wild-type and
CAPS2−/− neocortical culture media. Underdevelopment of
GABAergic interneurons has been reported in autism
patients [75], and differentiation of a subset of neocortical
parvalbumin-positive (Pvalb+) GABAergic neurons is

regulated by BDNF [56]. At P17, the CAPS2−/− mouse
neocortex had significantly fewer Pvalb+ interneurons, but
no fewer Calb+ interneurons, than the wild-type neocortex
[6]. This decrease in the number of Pvalb+ interneurons in
the CAPS2−/− neocortex at P17 could be rescued by BDNF
injection at P5.

At P17, the CAPS2−/− hippocampus showed a reduction
in the number of Pvalb+ interneurons in comparison with
the wild-type hippocampus [6]; this reduction in the
number of Pvalb+ interneurons was also reported in
BDNF−/− mice [56]. Similarly, the reduced number of
Pvalb+ interneurons in the CAPS2−/− hippocampus at P17
could be rescued by BDNF injection at P5, to a level
comparable with that in the wild-type hippocampus.

Basic Sensory and Cognitive Functions of CAPS2−/− Mice

CAPS2−/− mice have almost unchanged basal sensory
performances in comparison with their wild-type littermates.
There is no significant difference between CAPS2−/− and
wild-type mice in a visual test (visual recognition of surface
to hold under tail suspension), olfactory test (scenting out
hidden food), and auditory test (movements to sound
stimulus). On the other hand, the Morris water maze test to
evaluate the cognitive function of CAPS2−/− mice indicated
impairments in spatial learning and memory [6].

Autistic-like Behaviors of CAPS2−/− Mice

Autism is characterized by abnormal behavioral charac-
teristics, including impaired social interaction [64, 65],
hyperactivity [76, 77], and augmented anxiety and/or
reduced environmental exploration in a novel environment
[61, 64, 65], and is frequently accompanied by an abnormal
sleep-wake rhythm [78, 79]. Detailed behavioral analyses
demonstrated several autistic-like behavioral phenotypes in
CAPS2−/− mice [6]. First, social interaction among
CAPS2−/− mice was impaired. Pairs of mice of the same
genotype (CAPS2+/+ or CAPS2−/−) that had never met were
placed in a neutral cage, and the frequency of interactions
displayed by CAPS2−/− mice was significantly lower than
that displayed by wild-type mice. Second, the CAPS2−/−

mice exhibited hyperactivity in their home cages. Third, the
CAPS2−/− mice tended to show decreased exploratory
behavior and/or increased anxiety in a novel environment.
CAPS2−/− mice showed almost normal locomotor activity
in an open field in the light cycle and showed no significant
anxiety-like behavior in the light/dark transition test in
comparison with their wild-type littermates. However,
CAPS2−/− mice became less active than wild-type mice
when placed in an open field containing a novel object.
Fourth, the CAPS2−/− mice had deficits in intrinsic sleep-
wake regulation and circadian rhythm under constant dark
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conditions. In addition, maternal neglect of newborns is a
striking feature of CAPS2−/− mothers. Maternal care is an
important reciprocal interaction behavior. The newborns of
a CAPS2−/− dam and wild-type sire rarely survived beyond
postnatal day 1 because of a defect in the maternal behavior
of CAPS2−/− mothers.

Aberrant Splicing of CAPS2 in Patients with Autism

Both CAPS2 and CAPS1 are expressed in histamine-
positive basophilic leukocytes, a minor cell population in
human blood, which enables us to analyze CAPS expres-
sion in individuals with autism. RT-PCR analysis of RNA
samples from peripheral blood showed a shorter band in some
autistic patients (four out of 16 patients tested). Cloning and
sequencing analysis showed that the shorter band of 328 bp
lacked the complete sequence of exon 3, suggesting aberrant
alternative splicing of CAPS2 mRNA (Fig. 3a). By contrast,
no exon 3 skipping was found in any of the 24 healthy
control subjects tested. It is noteworthy that autistic
monozygotic twins both expressed exon 3-skipped CAPS2

mRNA, while none of their parents or healthy family
members (father, mother, older brother, and younger sister)
was found to express the exon 3-skipped form.

Although the mechanism underlying exon 3 skipping
remains elusive, no mutations were found around the splice
donor site, acceptor site, or branchpoint in the genomic
sequences of these patients. In addition to these authentic
cis-elements for splicing, additional cis-elements, known as
exonic or intronic splicing enhancers/silencers, regulate
splicing events in some cases. Thus the possibility of a “cis-
hypothesis” cannot be ruled out because mutation(s) might
still be present somewhere in the unexplored genomic
region within the CAPS2 genes of these patients. Alterna-
tively, a “trans-hypothesis” may explain the underlying
causality: for example, a polymorphism(s) in an unknown
gene(s), which alters the splicing pattern of CAPS2 mRNA.
Other potential mechanisms for pathological alternative
splicing of CAPS2 in autistic patients include aberrant
epigenetic regulation and de novo mutation. Future exten-
sive studies are warranted to expose the precise patholog-
ical mechanisms.

Fig. 3. Abnormality of CAPS2 in autistic patients. a Aberrant
alternative splicing and single nucleotide polymorphisms (SNPs).
Expression of the aberrantly spliced CAPS2 variant. Top wild-type
CAPS2; middle aberrantly spliced CAPS2 variant, which has exon 3
skipping (Δexon3), observed in some autistic patients; bottom non-
synonymous SNPs detected in the CAPS2 genes of autistic patients. b
Impaired axonal distribution of CAPS2Δexon3 in autistic individuals.
Subcellular localization of C-terminal HA-tagged CAPS2 (left) and
CAPS2Δexon3 (right) proteins exogenously expressed in cerebellar
primary cultures (7DIV). Immunostaining signals for HA-CAPS2

(white) were localized in soma and dendrites immunostained with
MAP2ab (grey), but also in axons (long MAPab-negative neurites),
whereas those for HA-CAPS2Δexon3 were not localized in axons.
Scale bars 50 µm. c Schematic representation of CAPS2-mediated
BDNF release from a neuron. Top local BDNF release from the
somato-dendritic domain and presynaptic domain in wild-type
neurons. Middle defect in BDNF release from CAPS2−/− neurons.
Bottom impaired presynaptic local BDNF release from autistic
CAPS2Δexon3-expressing neurons, which may cause a disturbance
in functional neural circuit development and/or connectivity

Cerebellum (2009) 8:312–322 319



The Exon 3-skipped CAPS2 Variant in Autistic Individuals
has BDNF Releasing Activity, But is not Transported
into Axons

The exon 3-skipped CAPS2 variant contains a predicted
deletion of 111 amino-acid residues in the human CAPS2
protein. However, it retains almost normal BDNF releasing
activity when exogenously expressed in either PC12 cells
or neocortical primary cultures derived from CAPS2−/−

mice [6]. On the other hand, the region encoded by exon 3
was found to be involved in the protein–protein interaction
between CAPS2 and p150Glued, which is a subunit of the
dynactin complex and known to be associated with bidirec-
tional axonal transport [80, 81]. Exon 3-skipped CAPS2
expressed in either neocortical or cerebellar primary cultures
was absent from axons, indicating a deficiency in the proper
axonal transport of exon 3-skipped CAPS2 (Fig. 3b). These
results suggest the loss of local synaptic BDNF release
owing to the impaired transport of exon 3-skipped CAPS2 to
the axon terminal (Fig. 3c).

Single-nucleotide Polymorphisms in the CAPS2 Gene
in Individuals with Autism

By analyzing the CAPS2-coding sequence of 252 Caucasian
autistic patients, seven non-synonymous SNPs were identi-
fied (Fig. 3a) [6]. These SNPs were not detected in the
control subjects tested or in the public SNP databases
available to date. Although the correlation between these
SNPs and the pathology in autism remains to be studied,
possible CAPS2 disturbance resulting from genetic/allelic
heterogeneities owing to SNPs may predispose individuals
to a higher risk for autism, at least in some cases.

Conclusion

Many brain development genes must be involved in the
development of mouse cerebellar circuits. The spatio-
temporal gene expression profile data systematized in the
CDT-DB are a useful foundation not only to elucidate the
underlying genetic basis of cerebellar development, but also
to identify brain development genes. CAPS2 was identified
as a developmentally regulated gene. CAPS2 is involved in
BDNF and NT-3 release. A CAPS2−/− mouse study indicated
that CAPS2-mediated BDNF and NT-3 release is indispens-
able for cerebellum-related cellular, morphological, physio-
logical, and behavioral phenotypes, some of which are
reminiscent of the cerebellar deficits observed in autistic
patients. Moreover, a subset of autistic patients expresses
aberrant non-axonal CAPS2 variants, owing to seven non-
synonymous SNPs. The current data suggest that distur-
bances in localized (axonal) BDNF release caused by

aberrant CAPS2 contribute to the abnormal circuit connec-
tivity observed in autistic patients. Although autism is
thought to be a neurodevelopmental disorder caused by the
interaction of multiple susceptibility genes and/or environ-
mental influences [68], CAPS2−/− mice will provide us with
a useful model system in which to study some aspects of the
neuropathology and behaviors of autistic patients.
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