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Ca2+-dependent activator protein for secretion 2 (CAPS2 or CADPS2)
potently promotes the release of brain-derived neurotrophic factor
(BDNF). A rare splicing form of CAPS2 with deletion of exon3 (dex3)
was identified to be overrepresented in some patients with autism.
Here, we generated Caps2-dex3 mice and verified a severe impair-
ment in axonal Caps2-dex3 localization, contributing to a reduction
in BDNF release from axons. In addition, circuit connectivity, mea-
sured by spine and interneuron density, was diminished globally.
The collective effect of reduced axonal BDNF release during devel-
opment was a striking and selective repertoire of deficits in social-
and anxiety-related behaviors. Together, these findings represent
a unique mouse model of a molecular mechanism linking BDNF-
mediated coordination of brain development to autism-related
behaviors and patient genotype.
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Ca2+-dependent activator protein for secretion 2 (CAPS2 or
CADPS2) is a member of the CAPS protein family that reg-

ulates the trafficking of dense-core vesicles by binding both
phosphoinositides and dense-core vesicles (1–5). We initially
identified mouse Caps2 as a potent factor promoting the release of
brain-derived neurotrophic factor (BDNF) during cerebellar de-
velopment (6, 7). Our subsequent knockout mouse study showed
that Caps2 not only plays a role in neuronal development of the
cerebrum and hippocampus as well as the cerebellum, but that it is
also associated with social interaction, anxiety, and maternal and
circadian behaviors in mice (7, 8). We also showed that the ex-
pression of an exon 3-skipped (or -spliced out) form of CAPS2
(designated CAPS2-dex3) (8), which is now known to be a rare
alternative splicing variant (9, 10), is increased in a subgroup of
patients with autism and is not properly localized in axons (8).
Thus, neurons overexpressing dex3 may fail to coordinate local
BDNF release from axons properly (8, 9), resulting in improper
brain development and function. The human CAPS2 gene locus
(7q31.32) is intriguingly located within the autism susceptibility
locus 1 (AUTS1) (11) on chromosome 7q31–q33, one of several
susceptibility loci for autism (12). Moreover, an association of
CAPS2 with autism has been suggested recently, not only by the
presence of copy number variations in the CAPS2 gene in autistic
patients (13–15), but also by decreased transcription of CAPS2 in
the brains of people with autism (16). Thus, clarifying the bi-
ological significance of dex3 expression is an important step in
elucidating the association of CAPS2 with brain circuit de-
velopment and behaviors related to autism.
The potential molecular risk factors for autism susceptibility

have been increasingly reported (17–26) but are poorly charac-
terized in animal models. In this report, we generated a mouse
model expressing dex3 and analyzed the cellular and autistic-like
behavioral phenotypes of dex3 mice. Our results support the in-
volvement of the rare dex3 form of Caps2 in defective axonal

BDNF secretion, affecting proper brain circuit development and/
or function, and thereby contributing to an increased susceptibility
to autism. Our results suggest that disturbance of the alternative
splicing patterns of Caps2 can directly affect normal brain de-
velopment and function and could contribute to a genetic back-
ground of autism susceptibility.

Results
Generation of a Mouse Line Expressing Exon 3-Skipped Caps2 (dex3).
To clarify the in vivo effect of Caps2 exon 3 skipping, we used
a Cre/loxP system to generate a mouse line carrying a deletion of
exon 3 (which encodes 111 amino acids) of the Caps2 gene,
which expresses the exon 3-skipped Caps2 (Caps2-dex3) protein.
A conditional Caps2-dex3 allele was generated by gene targeting
in embryonic stem cells (Fig. S1A). The resultant homozygotes,
called Caps2Δex3/Δex3 mice, produced a Caps2-immunoreactive
protein with a slightly lower molecular weight than that of wild
types (Fig. S1B). The Caps2Δex3/Δex3 mice in standard breeding
cages exhibited no differences in life expectancy from control
mice, and both male and female Caps2Δex3/Δex3 mice had normal
reproductive ability.

Dex3 Mice Show a Severe Reduction in Caps2 Immunoreactivity in the
Projection Areas of Caps2-Expressing Neurons. We first examined
the intracellular localization of dex3 protein in vivo using an anti-
Caps2 antibody. In the cerebellum, wild-type Caps2 protein was
mostly localized in the granule cell axons (parallel fibers)
extending into the molecular layer (Fig. 1 A and C), whereas dex3
protein was not localized in the axons and instead accumulated in
the cell somas in the internal granule cell layer (Fig. 1 B and D). In
the cerebrum of wild-type mice, diffuse signal was widely distrib-
uted over the cortical layers, and intense signals were observed in
the soma of a subset of interneurons scattered throughout layers
II/III and V (Fig. 1E). Interestingly, in Caps2Δex3/Δex3 mice, the
diffuse signal was almost absent and mostly localized to cell somas
in layer V, in addition to some intense signaling seen in inter-
neurons in layers II/III and V (Fig. 1F). This supported our hy-
pothesis that full-length Caps2 protein [exon3-plus; the dominant
form in mouse (27) and human (8) brains] can be transported into
axons, whereas dex3 protein (exon3-minus) cannot (8).
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In the wild-type mouse hippocampus, Caps2 protein was
expressed in dentate gyrus (DG) granule cells and cornu
ammonis region 1 (CA1) pyramidal neurons in addition to
a subset of interneurons scattered in the DG and CA1 regions
(28), as shown in Fig. S2A. The latter immunosignal was strong
in the cell soma, whereas Caps2 expressed in DG granule cells
was localized in axons of the stratum lucidum. In Caps2Δex3/Δex3

hippocampus, diffuse signal of the stratum lucidum was almost
diminished, as shown in Fig. S2 B, D, and E.

Decreased Axonal Localization of BDNF in dex3 Neurons. We ana-
lyzed the effect of dex3 expression on the axonal localization of
BDNF immunoreactivity using primary-cultured hippocampal
calbindin-positive granule cells from wild-type and Caps2Δex3/Δex3

mice. In wild-type neurons (Fig. 2 A–C), Caps2-immunopositive
puncta were localized in the axon, as shown by colocalization with
the axonal marker Tau. However, in Caps2Δex3/Δex3 neurons,
Caps2-positive puncta were decreased in the axons (Fig. 2 D–G).
Similarly, as shown in Fig. 2 H–J, BDNF-immunopositive puncta
were localized in the axon of wild-type neurons, whereas BDNF-
positive puncta were decreased in the axon of Caps2Δex3/Δex3

neurons (Fig. 2 K–N). These data suggest that the axonal locali-
zation of BDNF is affected in dex3-expressing neurons.
To exclude the possibility of a defect in cell polarization, we

examined the immunoreactivity of MAP2 (a dendritic marker)
and Tau (an axonal marker). Both were localized normally in
Caps2Δex3/Δex3 hippocampal cells (Fig. S3).

Decreased Axonal Secretion of BDNF in dex3 Neurons. To analyze the
axonal release of BDNF in Caps2Δex3/Δex3 neurons, a BDNF–
green fluorescent protein (GFP) fusion construct was transfected
into hippocampal dentate granule cell cultures prepared from
either wild-type or Caps2Δex3/Δex3 mice. KCl-induced (i.e.,

depolarization-induced) BDNF–GFP release from transfected
neurons was evaluated by immunostaining with an anti-GFP
antibody before cell permeabilization and by counting immu-
nopositive puncta on axons (Fig. 2O), as previously reported
(29–31). The number of cell-surface (i.e., released) BDNF–GFP
puncta in KCl-stimulated cells was normalized to that in unsti-
mulated control cells. A graded increase in KCl concentration
revealed an activity (depolarization)-dependent release of
BDNF–GFP from the axons of wild-type but not Caps2Δex3/Δex3

cells (Fig. 2P). These results showed that regulated release of
BDNF was impaired in the axons of Caps2Δex3/Δex3 neurons.

Deficits in Hippocampal and Cortical Interneurons and Dendritic
Spines in dex3 Mice. There is a report showing disrupted archi-
tecture in the gamma-aminobutyric acid (GABA)ergic in-
terneuron circuit of the neocortex in autism (32). It was also
shown that differentiation of a subset of neocortical parvalbu-
min-positive GABAergic neurons is regulated by BDNF (33).
Thus, we analyzed parvalbumin- and calbindin-positive inter-
neurons in Caps2Δex3/Δex3 mice. In the hippocampus at postnatal
days 17 (P17) and P21, there was no significant difference in the
number of parvalbumin-positive interneurons among wild-type,
Caps2+/Δex3, and Caps2Δex3/Δex3 mice (Figs. S4 A and B and S5
A–D). On the other hand, in the neocortex, there were signifi-
cantly fewer parvalbumin-positive interneurons in Caps2Δex3/Δex3

mice than in their wild-type littermates (Figs. S4 C and D and E–
H), which showed a phenotype similar to that of Bdnf−/− mice
(33) and Caps2-null mutants (8).
Fewer calbindin-positive interneurons were observed at P7 in

the hippocampus of both Caps2+/Δex3 and Caps2Δex3/Δex3 mice
compared with wild types (Figs. S4E and S5 I and J). In contrast,
there was no significant difference in the P21 hippocampus
among wild-type, Caps2+/Δex3, and Caps2Δex3/Δex3 mice (Figs. S4F

Fig. 1. Distribution of Caps2 immunoreactivity in the
Caps2Δex3/Δex3 mouse cerebellum and neocortex. (A and B)
Sagittal sections of P21 wild-type (A) and Caps2Δex3/Δex3 (B)
cerebellum were immunolabeled with an anti-Caps2 antibody.
(Scale bars, 300 μm.) (C and D) Sagittal sections of P21 wild-
type (C) and Caps2Δex3/Δex3 (D) cerebella were immunolabeled
with anti-Caps2 antibody. Immunosignal intensity of red dot-
ted lines is shown by black lines in the graphs. Signal intensity
from the other three images is shown in colored lines. M,
molecular layer; P, Purkinje cell layer; I, internal granular layer.
(Scale bars, 50 μm.) (E and F) Sagittal sections of P21 wild-type
(E) and Caps2Δex3/Δex3 (F) neocortex were immunolabeled with
an anti-Caps2 antibody. II/III, IV, and V represent cortical layers
II/III, IV, and V, respectively. Areas outlined by dotted squares
are shown in Insets. (Scale bars, 100 μm.)
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and S5 K and L). In the neocortex at either P7 or P21, no dif-
ference was observed in the number of calbindin-positive neu-
rons between wild-type and Caps2Δex3/Δex3 mice (Figs. S4 G and
H and S5 M–P). Moreover, there was no significant difference
among wild-type (14.02 ± 2.17 cells/mm2, mean ± SEM, n = 12),
Caps2+/Δex3 (10.83 ± 2.98 cells/mm2, mean ± SEM, n = 10), and
Caps2Δex3/Δex3 (13.45 ± 2.25 cells/mm2, mean ± SEM, n = 10)
mice in calretinin(+) interneurons of the P21 neocortex. In ad-
dition, there was no significant difference in neuronal-specific
nuclear protein (NeuN)-positive neurons of the neocortex
among the wild-type, Caps2+/Δex3, and Caps2Δex3/Δex3 genotypes
at P21 (Fig. S6).
Spine distributions are altered in the developing brain of

a large number of genetic conditions that result in mental dis-
orders (34). Because BDNF affects dendritic protrusion (35), we
next analyzed the formation of dendritic protrusions in hippo-
campal dentate granule cells using Golgi staining (Fig. S7 A and
B). Dentate granule cells are one of the major neuronal types
that secrete BDNF. The total number of dendritic protrusions
was decreased in Caps2Δex3/Δex3 mice compared with wild types
(Fig. S7C). Furthermore, Caps2Δex3/Δex3 mice displayed a de-
creased number of spines on the dendrites of dentate granule
cells (Fig. S7C), suggesting that excitatory neurons and synapses
are also affected in Caps2Δex3/Δex3 mice.

Impairments in Behavioral Phenotypes in dex3 Mice. We asked the
question whether these cytological and physiological changes in
Caps2Δex3/Δex3 mice affected autism-related behaviors. For the
following behavioral studies, we used male mice except for the
analysis of maternal behavior.

Motor coordination. First, to assess the cerebellar functions of
Caps2Δex3/Δex3 mice, we tested their coordinated motor perfor-
mance on a rotarod treadmill. There was no difference in the
latency to first fall among wild-type, Caps2+/Δex3, and Caps2Δex3/Δex3

mice (Fig. 3A). However, for the average number of falls within
a 3-min period at 24 rpm, Caps2Δex3/Δex3 mice showed low-to-
moderate rotarod performance compared with that of their wild-
type littermates (Fig. 3B). In addition, there was no significant
difference in performance in a grip traction test among the
genotypes (Fig. S8). These findings suggest that the drastically
altered axodendritic polarity of Caps2 localization in the cere-
bellum of Caps2Δex3/Δex3 mice (Fig. 1) impairs their motor
coordination ability.
Impaired social behavior. An impairment in social interaction is one
of the characteristic features of individuals with autism (36, 37).
To investigate the in vivo effect of the Caps2-dex3 variant on social
behavior, we tracked the movements of wild-type, Caps2+/Δex3,
and Caps2Δex3/Δex3 mice placed in the center of an open field
followed by placing a stranger mouse (C57BL/6J) in a small cage
in one corner. When the stranger mouse was introduced, both
Caps2+/Δex3 and Caps2Δex3/Δex3 mice showed a significant reduc-
tion, compared with wild-type mice, in the time spent approaching
or interacting with the stranger mouse cage (Fig. 3C).
We also performed a three-chamber social interaction test

(Fig. 3 D and E). The mouse being tested was placed in the
central chamber and could move freely among the three cham-
bers. A stranger mouse was placed in one of the side chambers in
a small cage, and an empty cage was placed in the opposite
chamber. Wild-type mice tended to contact the stranger mouse,
and the time spent in the quadrant containing the stranger
mouse was significantly higher than the time spent in the

Fig. 2. Decreased BDNF release from axons in
Caps2Δex3/Δex3 hippocampal granule cells. (A–F) Sub-
cellular localization of Caps2, Tau, and calbindin
protein in hippocampal primary cultures of wild-
type (A–C) and Caps2Δex3/Δex3 (D–F) mice, immu-
nostained for Caps2 (A and D), Tau (B and E), and
calbindin (C and F) at 14 d in vitro. Arrows show the
position of Caps2 immunoreactivity along the
axons. (G) The distance of the Caps2 protein from
the soma, indicating axonal transport, is shown for
wild-type (white) and Caps2Δex3/Δex3 (black) cells.
(H–M) Subcellular localization of BDNF, Tau, and
calbindin protein in hippocampal primary cultures
from wild-type (H–J) and Caps2Δex3/Δex3 mice (K–M)
immunostained for BDNF (H and K), Tau (I and L),
and calbindin (J and M) at 14 d in vitro. Arrows
show the position of BDNF immunoreactivity along
the axons. (Scale bars, 20 μm.) (N) The distance of
the BDNF protein from the soma, indicating axonal
transport, is shown for wild-type (white) and
Caps2Δex3/Δex3 (black) cells. Error bars indicate SEM.
**P < 0.01, by Student t test. (O) BDNF–GFP was
expressed in hippocampal granule cells and immu-
nostained, without permeabilization, for anti-GFP.
GFP fluorescence is shown in green, and GFP im-
munoreactivity is shown in red. Yellow puncta rep-
resent released BDNF. Immunostaining for MAP2
(a+b) was performed to identify axons and dendrites.
(Scale bars, 5 μm.) (P) The proportion of released
BDNF puncta per total BDNF puncta in unstimulated
neurons (cont) was normalized to 100%. Proportions
of released BDNF puncta per total BDNF puncta
upon KCl stimulation of axons are shown for wild-
type (white) and Caps2Δex3/Δex3 (black) cells. There
was a significant difference in the proportion of re-
leased BDNF between wild-type and Caps2Δex3/Δex3

cells (P < 0.01, repeated measures ANOVA). Error bars
indicate SEM.
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corresponding quadrant in the opposite chamber containing the
empty cage. Caps2Δex3/Δex3 mice also spent a little more time
with the stranger mouse than with the empty cage, but the dif-
ference was not significant (Fig. 3D). It is possible that this is
because of an impairment in spatial recognition memory.
Therefore, we tested Caps2Δex3/Δex3 mice in a Y-maze test. This
indicated no impairment in spatial recognition memory in
Caps2Δex3/Δex3 mice (Fig. S9A).
Next, we compared social interactions with either novel (un-

familiar) or familiar mice. Wild-type mice tended to contact
a stranger mouse rather than a familiar mouse, whereas there
was no significant difference for Caps2Δex3/Δex3 mice (Fig. 3E).
This result might be because of an impairment in olfaction.
Therefore, we measured the olfactory ability of Caps2Δex3/Δex3

mice by measuring the time to find hidden cookies (Materials and
Methods). This indicated no impairment in basic olfactory
function in Caps2Δex3/Δex3 mice (Fig. S9B).
Our data suggest that wild-type mice are more interested in

a novel mouse than a familiar mouse, and that Caps2Δex3/Δex3

mice have decreased sociability compared with the wild types;

this may be analogous to the impairment in appropriate social
interactions often seen in autistic patients (38).
Exploratory and anxiety-related behavior. The Caps2Δex3/Δex3 mice
showed decreased exploratory behavior and/or increased anxiety
in a novel environment. Caps2Δex3/Δex3 mice placed in an open
field showed normal locomotor activity (Fig. S10A) and speed
(Fig. S10B) compared with their wild-type littermates. However,
when placed in an open field containing a novel object in the
central area (the black-and-white vertical object shown in the
Inset of Fig. 4A), Caps2Δex3/Δex3 mice became less active (Fig. 4A)
without changing their speed of movement (Fig. 4B) and tended
to contact the novel object less frequently than wild-type mice
did (Fig. 4C). Representative traces from wild-type, Caps2+/Δex3,
and Caps2Δex3/Δex3 mice are shown in Fig. 4D.
In the elevated plus maze test, there was no difference in

horizontal distance moved, suggesting that locomotor activity in
this test was not affected by exon 3 skipping (Fig. 4E). However,
the Caps2Δex3/Δex3 mice spent less time in the open arms than did
the wild types (Fig. 4F). In addition, the number of open-arm
entries was decreased (Fig. 4G). Representative traces from
wild-type, Caps2+/Δex3, and Caps2Δex3/Δex3 mice are shown in Fig.
4H. However, Caps2Δex3/Δex3 mice showed no significant anxiety-
like behavior in the light/dark transition test (Fig. S11 A–C),
indicating that their tendency to display increased anxiety-like
behavior might depend on the particular behavioral test used; for
example, they may be more sensitive to novelty or unfamiliarity
than to a light/dark preference.
In the home cage, locomotor activity was similar between

Caps2Δex3/Δex3 mice and their wild-type littermates when measured
during a 3-d period (12-h light/dark cycle) after habituation to
a fresh home cage for 24 h (Fig. S12). However, in the dark period
of the 24-h cycle, even on the third day, both Caps2Δex3/Δex3 and
Caps2+/Δex3 mice exhibited reduced locomotion activity compared
with wild-type mice (Fig. 4I), suggesting that Caps2Δex3/Δex3 and
Caps2+/Δex3 mice do not adapt well to a new environment.
Decreased dam–pup interaction and communication. To evaluate
whether the maternal behavior of Caps2Δex3/Δex3 mice was af-
fected, we monitored the nurturing of newborns by their moth-
ers, to assess maternal care as an important social interaction
between dams and pups. To exclude the effect of pup genotype,
Caps2+/Δex3 pups were used for this experiment. In many cages,
the newborns of a Caps2Δex3/Δex3 dam and a wild-type sire rarely
survived beyond P1 (Fig. 4J). In contrast, the newborns of
a Caps2Δex3/Δex3 sire and a wild-type dam normally survived be-
yond P1 (Fig. 4J). These results indicated that Caps2Δex3/Δex3

mothers display defective maternal behavior.
To investigate communication ability from pups to their dam,

we studied the ultrasound vocalization (USV) of neonates using
Caps2+/Δex3 mice. To exclude the effect of sire genotype, wild-type
or Caps2Δex3/Δex3 males were mated with wild-type females. The
resultant wild-type or Caps2+/Δex3 pups were used to monitor
USV. We found that the duration of USVs decreased from P5 to
P10 in wild-type pups, but that Caps2+/Δex3 pups emitted very few
USVs throughout this period (Fig. S13). This suggests that the
skipping of exon 3 affects the dam–pup interaction by USV calls.
Impaired circadian rhythm. Autism is frequently accompanied by an
abnormal sleep–wake rhythm (39, 40). Regarding the circadian
rhythm of locomotor activity under a 12-h light/dark cycle, we
detected no differences in the sleep–wake rhythm among wild-
type, Caps2+/Δex3, and Caps2Δex3/Δex3 mice. Under constant dark
conditions, the sleep–wake rhythm of the Caps2Δex3/Δex3 mice
showed a shorter period than that of wild-type mice. However,
there was no statistically significant difference among the three
genotypes (Fig. S14A), because some Caps2Δex3/Δex3 mice (4/14)
showed impaired circadian rhythmicity (Fig. S14C) compared
with wild types and this resulted in a large variance (Fig. S14B).

Fig. 3. Impaired motor coordination and social behavior in dex3 mutant
mice. (A) Mice were placed on a rotarod at 24 rpm. The time (s) taken for
wild-type (white, n = 21), Caps2+/Δex3 (gray, n = 25), and Caps2Δex3/Δex3

(black, n = 17) littermates to fall off was measured. (B) Average number of
falls within 3 min at 24 rpm. P < 0.05, one-factor ANOVA. (C) Each mouse
was placed into an open-field apparatus for 15 min. A small cage containing
a stranger C57BL/6J mouse was placed in one corner. The time spent in the
interaction area (black square) in 15 min is shown for wild-type (white; n = 10),
Caps2+/Δex3 (gray; n = 13), and Caps2Δex3/Δex3 (black; n = 10) mice. Repre-
sentative movement traces are shown below. P < 0.05, one-factor ANOVA.
(D) Three-chamber test. A C57BL/6J stranger mouse was placed in a small
cage in one of the side chambers and a small empty cage was placed in the
opposite chamber. Comparison of the time spent in the quadrants around
the stranger mouse (S1) and the empty cage (E) is shown for wild-type
(open bars; n = 12) and Caps2Δex3/Δex3 (closed bars; n = 10) mice. (E ) Novel
stranger mouse (S2) was placed in a cage in one side chamber, and a fa-
miliar mouse (S1), which was used in the test shown in D, was placed in the
other side chamber. Error bars indicate SEM. *P < 0.05; **P < 0.01, by post
hoc t test.
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Discussion
In this report, we developed a mouse line expressing exon 3-de-
leted Caps2 (dex3), the same as a rare alternatively spliced variant
of human CAPS2 that was identified in some individuals with
autism (8). Caps2-dex3 mice displayed deficits in axonal localiza-
tion in cerebral, hippocampal, and cerebellar neurons, resulting in
decreased local secretion of BDNF from axons. This local loss of
BDNF was associated with a development-dependent decrease in
the number of hippocampal and cortical parvalbumin- and cal-
bindin-positive interneurons, as well as a decreased number of
dendritic spines in the dentate granule cells. Moreover, we showed
that Caps2-dex3 mice displayed increased anxiety in an unfamiliar
environment and impaired social behavior and circadian rhyth-
micity. These lines of in vivo evidence support the idea that dis-
turbance in the proper levels of local BDNF release, which we
assume to be caused here by aberrant subcellular targeting of
Caps2, contributes to the abnormal circuit connectivity observed
in autism (41).
Previous studies reported that decrease of the BDNF-tyrosine

kinase B (TrkB) signal cascade caused reduction of parvalbumin
(+) neurons (33, 42). Our results showed a decreased number of
parvalbumin(+) neurons in P21 homozygote neocortex, although
the number of other interneurons and NeuN(+) neurons was
unchanged, suggesting that parvalbumin(+) interneurons, a minor
cell type, were specifically affected in the neocortex of homo-
zygotes. However, it cannot be ruled out that the apparent re-
duction in the number of parvalbumin(+) neurons was due to
a decrease in the expression level of parvalbumin, without loss
of neurons.
One of the symptoms of autism is augmented anxiety and/or

reduced environmental exploration in a novel environment. Novel
stimuli, such as unfamiliar environments or objects, are theorized
to create conflict in rodents by concurrently evoking both ap-
proach and avoidance behaviors (43). Approach behavior or

“exploration” reflects an animal’s tendency to explore novel
stimuli or environments, whereas avoidance behavior or “anxiety-
related behavior” is thought to reflect an animal’s fear of novelty.
In this report, Caps2Δex3/Δex3 mice showed decreased locomotor
activity compared with wild-type mice when placed in an open field
containing a novel object. Moreover, Caps2Δex3/Δex3 mice tended
not to contact a novel object. Overall, Caps2Δex3/Δex3 mice tended
to show augmented anxiety or reduced environmental exploration
in a novel environment.
Caps2Δex3/Δex3 mice showed impairments in both social in-

teraction and social novelty preference. Caps2+/Δex3 mice also
exhibited a significant reduction in interaction activity, suggest-
ing that a social behavioral deficit might be attributable to the
approximately equal balance of dex3-minus vs. dex3-plus isoform
expression (Fig. S1B) that was found in some autistic patients
(8). The link between social behavior in rodents and humans is
difficult to establish. Our model may provide a powerful tool to
explore its mechanisms.
Recently, it was suggested that splicing dysregulation is an

underlying mechanism of neuronal dysfunction in autism (16).
However, it remains unclear how the increased removal of exon
3 of CAPS2 is specifically caused in certain autistic patients. We
did not find any nucleotide sequence differences in the three
common splicing cis-elements (the 5′ donor and 3′ acceptor
sites and the branch point) of the CAPS2 gene in autistic
patients displaying exon 3 skipping (8). We also examined the
sequence of introns 2 and 3 in the autistic subjects, and we
found some variants specifically identified in patients displaying
increased exon 3 skipping. We are currently investigating the
association of these variants with exon 3 skipping. We must also
consider the possibility that there is a polymorphism(s) in an
unknown gene(s), which alters the splicing of CAPS2 mRNA
(10). This scenario would predict the abnormal splicing of
multiple genes besides CAPS2. However, the Caps2Δex3/Δex3

Fig. 4. Caps2Δex3/Δex3 mice showed increased anxi-
ety-like behavior in an unfamiliar environment, and
Caps2Δex3/Δex3 mothers displayed impaired maternal
behavior in nurturing their newborns. (A–D) The
horizontal movement distance (A), speed (B), and
the number of contacts with a novel object (C) in an
open field (15 min) are shown for wild-type (white;
n = 11), Caps2+/Δex3 (gray; n = 13), and Caps2Δex3/Δex3

(black; n = 12) mice in the presence of the novel
object shown in the Inset of A, placed in the center.
Representative movement traces are shown in D.
(E–H) Elevated plus maze test. The horizontal
movement distance (E), time spent in the open arms
(F), and number of open-arm entries (G) in an ele-
vated plus maze (10 min) is shown for wild-type
(white; n = 11), Caps2+/Δex3 (gray; n = 12), and
Caps2Δex3/Δex3 (black; n = 12) mice. Representative
movement traces are shown in H. (A, F, and G) P <
0.01, one-factor ANOVA. **P < 0.01, by post hoc t
test. (I) Caps2Δex3/Δex3 mice displayed impaired ha-
bituation to a fresh cage. After habituation to a fresh
cage for 24 h, the locomotor activity of wild-type
(n = 11), Caps2+/Δex3 (n = 13), and Caps2Δex3/Δex3

(n = 12) mice was measured for 3 d (12-h light/dark
period). Bars show the mean number of photo-
beam interruptions in the dark period of the 24-h
cycle. P < 0.05, one-factor ANOVA. *P < 0.05, by
post hoc t test. (J) Maternal neglect of newborns
by Caps2Δex3/Δex3 mothers. Wild-type females were
mated with Caps2Δex3/Δex3 males, and vice versa.
Graph shows the survival of pups born to primip-
arous wild-type (open diamonds; n = 12) and
Caps2Δex3/Δex3 (black diamonds; n = 13) females.
Error bars indicate SEM. P < 0.01, repeated mea-
sures ANOVA. **P < 0.01, by post hoc u test.
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mice, in which only Caps2 was mutated, showed autistic-like
phenotypes, arguing against the involvement of other abnormally
spliced genes. This causality is reminiscent of that between mu-
tation ofMecp2 (the cause) and altered expression of BDNF (the
effect) in Rett syndrome. Bdnf is one of the affected genes in
Mecp2-knockout mice; however, BDNF is strongly associated
with the symptoms of Rett syndrome (44, 45). Clearly, the ge-
netic involvement for autism is complex, but our approach of
model validity—reverse engineering a mouse model for autistic
patients with overexpression of a dex3 isoform of CAPS2, which
shows relevant phenotypes—is certainly promising.

Materials and Methods
Animals. All experimental protocols were approved by the RIKEN Institutional
Animal Care andUse Committee. Micewere housed on a 12-h light/dark cycle,
with the dark cycle from 20:00–08:00.

Generation of Caps2 Exon 3-Skipped Targeting Vector. An 11-kb genomic
fragment containing exon 3 of the mouse Caps2 gene was obtained from the
genomic DNA of C57BL/6 mice and was used to construct the targeting
vectors (Fig. S1A). One loxP sequence was inserted at the BtrI site, and the
phosphoglycerate kinase–neomycin resistance (neo) cassette, flanked by

another loxP sequence and a pair of frt sequences, was inserted into the
AatII site upstream of exon 3, to generate a loxP–frt–neo–frt–exon3–loxP
cassette. For negative selection, the diphtheria toxin A-fragment gene cas-
sette was added to the 3′ end of the targeting vector.

Generation of Caps2 exon 3-skipped mice, primaryculture, immunohis-
tochemistry, immunocytochemistry, and behavioral tests are described in
detail in SI Materials and Methods.
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