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Abstract

Biallelic loss-of-function mutations in Coiled-coil and C2 domain containing 1A (CC2D1A) cause autosomal recessive
intellectual disability, sometimes comorbid with other neurodevelopmental disabilities, such as autism spectrum disorder
(ASD) and seizures. We recently reported that conditional deletion of Cc2d/a in glutamatergic neurons of the postnatal mouse
forebrain leads to impaired hippocampal synaptic plasticity and cognitive function. However, the pathogenic origin of the
autistic features of CC2D1A deficiency remains elusive. Here, we confirmed that CC2D1A is highly expressed in the cortical
zones during embryonic development. Taking advantage of Cre-LoxP-mediated gene deletion strategy, we generated a novel
line of Cc2d1a conditional knockout (cKO) mice by crossing floxed Cc2d]a mice with EmxI-Cre mice, in which CC2D1A
is ablated specifically in glutamatergic neurons throughout all embryonic and adult stages. We found that CC2D1A deletion
leads to a trend toward decreased number of cortical progenitor cells at embryonic day 12.5 and alters the cortical thickness
on postnatal day 10. In addition, male Cc2d]la cKO mice display autistic-like phenotypes including self-injurious repetitive
grooming and aberrant social interactions. Loss of CC2D1A also results in decreased complexity of apical dendritic arbors
of medial prefrontal cortex (mPFC) layer V pyramidal neurons and increased synaptic excitation/inhibition (E/I) ratio in
the mPFC. Notably, chronic treatment with minocycline rescues behavioral and morphological abnormalities, as well as E/I
changes, in male Cc2dla cKO mice. Together, these findings indicate that male Cc2da cKO mice recapitulate autistic-like
phenotypes of human disorder and suggest that minocycline has both structural and functional benefits in treating ASD.
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Introduction

Coiled-coil and C2 domain containing 1A (CC2D1A) is an
evolutionarily conserved scaffold protein, which routes the
signals to multiple intracellular signaling pathways, includ-
ing nuclear factor-xB [1, 2], 3-phosphoinositide-dependent
protein kinase 1/Akt [3], cAMP/cAMP-dependent pro-
tein kinase/phosphodiesterase 4D [4—6], and Racl [7], to
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regulate distinct cellular functions. Cc2dla mRNA and
protein expression is highly enriched in neurons of the cer-
ebral cortex, hippocampus, basal ganglia, and hypothala-
mus [7-9]. Loss-of-function mutations in the human Cc2dla
gene result in a variable spectrum of neurodevelopmental
disorders, including intellectual disability, autism spectrum
disorder (ASD), and seizures [8, 10, 11]. These disorders are
often comorbid with each other. Given that the homozygous
Cc2dla null mice die postnatally within a few hours [4] or
days [12] after birth due to respiratory distress, Cc2dla con-
ditional knockout (cKO) mice have been used extensively
to verify its function. Previous studies from our and other
groups have consistently demonstrated that mice with con-
ditional postnatal removal of CC2D1A in forebrain gluta-
matergic neurons (Camk2a-Cre::Cc2d1 a” Camk2a-Cc2dla
cKO) have recapitulated several features of the human dis-
orders and, despite a subtle overall degree of impairment,
they show behavioral deficits such as impaired cognitive
and social function, hyperactivity, compulsivity, and altered
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anxiety-like behaviors [7, 13, 14]. While Cc2dla is classi-
fied as a strong ASD-risk gene (category 2) in the Simons
Foundation Autism Research Initiative (SFARI), the role of
Cc2dla in brain development and the biological significance
of ASD-associated Cc2dla mutations in the etiology of ASD
remain largely unknown.

Previous studies have demonstrated that Cc2d]la mRNA
expression in the developing mouse cerebral cortex starts
as early as embryonic day (E) 12.5, increases throughout
development with a peak at postnatal (P) 3, and remains
enriched into adulthood [8, 10, 15]. Most of the work on
behavioral abnormalities caused by genetic deletion of
Cc2dla is based on Camk2a-Cc2dla cKO mice, which
exhibit postnatal knockout of CC2D1A in forebrain excita-
tory neurons. Considering that Cc2d/a mRNA expression
is enriched during embryonic cortical development, we
wondered whether early embryonic deletion of CC2D1A
from cortical pyramidal neurons may obtain more realistic
behavioral changes in cKO mice. The goals of this study
were twofold. First, we aimed to establish a novel Cc2dla
cKO mouse line for studying the link between CC2D1A
deficiency and ASD. Second, as there remains a need for
effective treatment for ASD, we aimed to use this mouse
model to evaluate the effect of pharmacological interven-
tion for treating autistic-like behaviors. Since Emx-1 is
expressed in both progenitor cells and postmitotic gluta-
matergic neurons [16], we used the Emx-1 gene to drive
expression of the Cre recombinases. By using the Emx-1-
Cre strain, we were able to ablate CC2D1A expression in
forebrain glutamatergic neurons from an early time point
and therefore observe changes in brain development and
behavioral phenotypes. Interestingly, a recent study sug-
gested that chronic minocycline treatment can improve
neuronal structure and function associated with behavioral
deficits in fragile X mental retardation 1 (FmrI) knockout
mice [17]. As individuals with fragile X syndrome con-
stitute 2—6% of all individuals with ASD [18] and Fmrl
knockout mice display several autistic-like core symptoms
[19], minocycline may be potentially effective in treating
ASD. These findings motivated us to further investigate
whether chronic minocycline treatment can improve syn-
aptic and behavioral abnormalities in Cc2dla cKO mice.
Here, we reported the creation of homozygous Cc2dla
cKO mice by crossing mice harboring a floxed Cc2dla
allele with the Emx1-Cre transgenic line and found that
these mice were viable and fertile but showed autistic-like
behaviors, including self-injurious repetitive grooming and
aberrant social interactions. In addition, loss of CC2D1A
resulted in an increase in synaptic excitation to inhibition
(E/I) ratio in layer V pyramidal neurons of the medial
prefrontal cortex (mPFC). Importantly, chronic treatment
with minocycline ameliorates autistic-like features in
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Cc2dla cKO mice. Our results demonstrate the validity
of the Cc2dla cKO as a mouse model for ASD and pro-
vide a potential therapeutic strategy for the treatment of
CC2D1A-dependent ASD.

Material and Methods
Subjects

Experiments were conducted in compliance with the
guidelines by National Institutes of Health for the
Care and Use of Laboratory Animals, under protocols
approved by the Institutional Animal Care and Use Com-
mittee at National Cheng Kung University. Mice were
housed in groups of four in a temperature- (25 + 1 °C) and
humidity-controlled room on a 12/12-h light-dark cycle
with free access to food and water. The Cc2dla floxed
mouse (Cc2d1a™) line with Cre-dependent excision of
exon 12-14 was used for the generation of cKO mice [7].
Emx1-Cre (no. 005628) mice were obtained from Jack-
son Laboratories and maintained in the C57BL/6 J back-
ground. Cc2dla cKO mice were generated by crossing
Emx1-Cre transgenic mice with homozygous Cc2dla""
mice. Cc2d1a”" mice were used as the wild-type (WT)
littermates for comparison with homozygous Cc2dla
c¢KO mice. Mice were genotyped by a PCR-based method
using genomic DNA isolated from tail samples. Primers
used are as follows: forward (5'-GCGGTCTGGCAGTAA
AAACTATC-3') and reverse (5'-GTGAAACAGCATTGC
TGTCACTT-3"). While sex-specific behavioral deficits
were reported in Cc2dla-deficient mice [6], only male
mice were used for experiments throughout the study.
The exclusion of female mice from studies because of
estrous cycle variability may increase variance relative
to males.

Behavioral Assays

All animal behavioral studies were conducted blind to geno-
type. Mice were allowed to habituate to the testing room
for at least 1 h prior to testing. Eight- to twelve-week-old
male mice were used for experiments. To avoid potential
carryover effects, all animals are used only once throughout
the study. The apparatus was thoroughly cleaned with 70%
ethanol after each trial.

Open-Field Test
The open-field (OF) test was conducted as previously

described [20]. Briefly, each mouse was placed in the
center of the test chamber consisted of a square ground area
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(42 cm X 42 cm) with 42 cm surrounded non-reflective high
wall and allowed to freely explore the arena for 10 min under
a dimmed illumination (10 Ix). The behavior of the animals
was videotaped, tracked, and analyzed with the EthoVision
XT video tracking systems. The percentage of time spent in
the center (25%) of the arena and the total distance traveled
in the OF were measured.

Light/Dark Box Test

The light/dark box (LDB) test was carried out as previously
described [21]. Each mouse was placed into an apparatus
(30 cm X 30 cm) consisted of a large illuminated compart-
ment (two thirds, ~250 1x) and a small dark safe compart-
ment (one third, ~5 Ix) divided by a partition with door for
10 min. The behavior was videotaped and analyzed using the
EthoVision XT video tracking systems.

Marble Burying Test

The marble buried test was conducted as previously
described [22]. Mice were individually placed into a stand-
ard mouse cage (37.5 cmX 17 cm X 18 cm) filled to a depth
of 5 cm fresh corncob bedding material. After allowing
30 min for habituation, 15 marbles were placed evenly
throughout the cage. Each mouse was allowed to explore
undisturbed for 30 min, and, afterward, the number of suc-
cessfully buried marbles was counted. A marble was con-
sidered buried if more than 2/3 of its depth were covered.
The marbles were cleaned with 70% ethanol after each trial.

Repetitive Behavior

The repetitive behavior was performed as previously
described [23]. Each mouse was initially placed into a novel
home cage with clean bedding for 5 min for habituation.
After habituation period, the behavior was videotaped for
10 min. The duration of self-grooming and digging was
measured manually. Self-grooming was defined as rubbing,
scratching, and licking any part of body.

Three-Chamber Sociability Test

The three-chamber sociability test was performed as pre-
viously described [20]. The apparatus was a rectangular,
three-chambered box fabricated from clear polycarbon-
ate (60 cm x40 cm x 22 cm). Dividing walls had retract-
able doorways that allowed access into each chamber.
Each mouse was initially placed into the chambers and
allowed to freely explore for 10 min for habituation.
After habituation phase, a juvenile male mouse (stim-
ulus), which had no previous contact with the subject
mice, was placed in a wire cage of left or right chamber

(systemically alternated), and an identical wire cage con-
taining a neutral object was placed in the other chamber.
The subject mouse was placed into the middle chamber
and allowed to freely explore three chambers for 5 min.
The behavior of the animals was videotaped and ana-
lyzed using the EthoVision XT video tracking systems.
The time that the test subject spent investigating each
wire cage was measured. For analyzing sociability, the
recognition index was calculated as [(time exploring the
social stimulus — time exploring the inanimate object)/
(time exploring the objects in both social stimulus and
inanimate object) X 100%].

Olfaction Test

The olfactory habituation/dishabituation test was per-
formed as previously described [23]. To present odors to
the subject mice, cottons were dipped in water, citrate,
and the bottom of unfamiliar cage (social). The subject
mice were initially habituated in a clean-bedded cage for
10 min. After habituation, a 35-mm culture dish with odor-
dipped cotton was placed into the cage. Each odor was
presented for 2 min with 1 min intertrial interval for 3
consecutive trials. Close sniffing within 2 cm was counted
as the time spent sniffing. The behaviors of the animals
were videotaped and measured by the researcher.

Y-maze Test

Spontaneous alteration behavior was measured on a
Y-maze apparatus, composed of three identical arms (arms
A, B, and C: 30 cm X5 cm X 15 cm) at an angle of 120°
with each other. The subject mice were placed into the
Y-maze at the same end of arm A to freely explore for
10 min (5 min of habituation and 5 min of testing). Sequen-
tial exploring three different arms (ex: A>B > C) was
considered as a spontaneous alteration. The percentage of
spontaneous alteration was calculated by the spontaneous
alterations in the total exploring sequence. For example,
B>C>A>C>A>C>B, total five sequence (BCA, CAC,
ACA, CAC, ACB), had two spontaneous alterations (BCA
and ACB), and the percentage was calculated as 40%.
The behavior was videotaped and measured by researcher
manually.

Reciprocal Social Interaction Test
The reciprocal social interaction test was conducted as previ-

ously described [23]. Each mouse was initially allowed to
freely explore in a clean cage with clean bedding for 10 min.
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After the habituation period, an age-matched male mouse
(stimulus) was placed into the cage for freely social interac-
tion for 2 min. The direct social interaction, including geni-
tal, face, body sniffing, close approaching, and allogrooming
to the stimulus mice, was analyzed using the EthoVision XT
video tracking systems.

Nesting Test

The nest-building behavior was analyzed according to
the protocol described by Deacon [24]. Approximately
1 h before the dark phase of the light/dark cycle, mice
were moved to clean cages and housed individually
overnight with food and water freely available. One cot-
ton nestlet was added in the same location of each cage.
After 20 h, the nests formed were assessed to gener-
ate a nest quality score of 0-5: 0, the nestlet is nearly
untouched (> 99% intact); 1, the nestlet is slightly torn
up (>90% intact); 2, the nestlet is partially shredded
(50-90% intact); 3, the nestlet is mostly torn up (50-10%
intact); 4, the nestlet is mostly shredded (< 10% intact)
but flat, with nest walls higher than the mouse body
height (< 50% of its circumference); 5, a nearly perfect
nest, almost entirely torn up (< 10% intact) with nest
walls higher than the mouse body height (> 50% of its
circumference). For scores 1-3, 0.5 was added if there
was an identifiable nest site.

Rotarod Test

The accelerating rotarod test was performed. Briefly, the
subject mice were placed onto the rotarod for 6 trials, 3 trials
were performed within a day, for 2 days. Each trial accel-
erates from 4 to 40 rpm in 300 s. Each trial stopped when
the subject mice fell off the rod, and the latency to fall was
recorded by the Rotarod Model LE8505 (Panlab, Harvard
Apparatus).

Home Cage Activity

After habituation to their home cages for at least 2 days,
the subject mice were individually acclimated to the test-
ing environment in a clean cage with clean bedding for 1 h.
After acclimation, mice were returned to their home cage
and videotaped for 10 min. The behavior of the animals was
videotaped, tracked, and analyzed with the EthoVision XT
video tracking systems.

Immunohistochemistry

For embryonic studies, embryos were removed from
deeply anesthetized pregnant mice for cryosection. After
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removal, embryonic heads were decapitated and immersed
in 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4
overnight at 4 °C, and then incubated in 30% sucrose for
cryoprotection before slicing. For postnatal studies, deeply
anesthetized mice were perfused transcardially with 4%
PFA in 0.1 M PBS, pH 7.4, and brains were rapidly
removed for fixation and sucrose cryoprotection. Embry-
onic brains were embedded in OCT (Leica) and frozen
in — 80 °C. The coronal sections containing the mPFC
were cut at 20 pm using a freezing microtome. The sec-
tions were mounted on gelatin-coated slides and allowed
to dry over-night at room temperature. The slides were
heated in citrate buffer at 95 °C for 30 min, washed with
0.4% Triton X-100 in PBS, and then incubated in blocking
buffer containing 3% goat serum in PBS. The slides were
incubated in the primary antibodies: anti-CC2D1A (1:200;
generated by Dr. P. Ling laboratory), anti-Nestin (1:200;
Millipore, MAB353), anti-Doublecortin (1:200; Millipore,
AB2253), anti-Ctip2 (1:200; Abcam, ab18465), anti-
Brn2 (1:200; GeneTex, GTX114650), anti-Sox2 (1:200;
Abcam, ab97959), anti-CamklIIa (1:1000; Thermo Fisher
Scientific, MA1-048), or anti-glial fibrillary acidic pro-
tein (GFAP; 1:200; Zymed, 13—-0300) overnight at 4 °C.
Finally, the slides were washed three times with 0.4%
Triton X-100 in PBS, and then incubated in secondary
Alexa Fluor 488 (Molecular Probes) or Alexa Fluor 568
antibodies (Molecular Probes) for 2 h at room temperature.
Sections were mounted with ProLong Gold Antifade Rea-
gent (Invitrogen). Images were acquired on an Olympus
FluoView FV3000 confocal microscope. All images were
analyzed by NIH ImageJ software, and all the parameters
used were kept consistent during capturing.

Western Blotting

The microdissected tissue samples were lysed in homoge-
nate buffer (Thermo) containing a cocktail of protein
phosphatase and protease inhibitors and ground with a
pellet pestle (Kontes glassware). Samples were sonicated
and then centrifuged at 15,000 % g at 4 °C for 15 min. The
quantitative samples were separated by 8% SDS-PAGE
gel, and then transferred to a nitrocellulose membrane for
blotting. The membranes were washed in TBS with 0.1%
Tween 20 (TBST) and blocked in TBST containing 3%
BSA for 1 h, and then probed with the antibodies that rec-
ognize CC2D1A (1:1000; Proteintech, 16,816—1-AP) or
B-actin (1:1000; Millipore, MAB1501) overnight at 4 °C.
After washes, the membranes were incubated with HRP-
conjugated secondary antibody for 1 h and developed
using the Luminata™ Crescendo Western HRP Substrate
(Millipore). Immunoblots were analyzed by densitometry
using Bio-profil BioLight PC software (Vulber Lourmat).
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BrdU Immunostaining

The thymidine analog 5-bromo-2'-deoxyuridine (BrdU,
50 mg/kg; Sigma-Aldrich) was intraperitoneally injected
into pregnant female mice. For BrdU incorporation of
cell proliferation assay at E12.5, embryonic brains were
harvested 2 h after BrdU injection and then immersed in
4% PFA in 0.1 M PBS. For neural migration assay, BrdU
was injected at E14.5 and then brains were fixed with 4%
PFA in 0.1 M PBS at P7. Brains were rapidly removed
for fixation and sucrose cryoprotection. The coronal sec-
tions containing the mPFC were cut at 20 pm using a
freezing microtome. Sections were immersed in citrate
buffer at 95 °C for 30 min, and then incubated in 2 N HCI
at 37 °C for 30 min. Afterward, sections were rinsed in
0.1 M Na borate (pH 8.5) at 25 °C for 5 min and incubated
with primary antibody against BrdU (1:200; Millipore,
MAB4072) overnight at 4 °C. Sections were then washed
and incubated with secondary antibody Alexa Fluor 488
for 2 h at room temperature. Images were captured by
Olympus FluoView FV3000 confocal microscope. Quan-
tification of BrdU numbers was performed by using Ima-
ris image analysis software. Every sixth section covering
anterior forebrain in embryo or the mPFC in P7 mice was
calculated.

Slice Preparations and Electrophysiological
Recordings

Slice preparations and whole-cell patch-clamp recordings
were conducted as previously described [25]. Briefly,
8—12-week-old mice were deeply anesthetized and decap-
itated. The brains were removed quickly and placed in
ice-cold slicing solution containing the following (in
mM): 234 sucrose, 2.5 KCI, 0.5 CaCl,, 7 MgCl,, 25
NaHCO;, 1.25 NaH,PO,, and 11 glucose at pH 7.3-7.4
and equilibrated with 95% O,—5% CO,. Slices containing
mPFC (250 pm) were sliced using a vibratome (Leica
Microsystems, VT1200S) and transferred to a holding
chamber with artificial cerebrospinal fluid (aCSF) con-
taining the following (in mM): 117 NacCl, 4.7 KCl, 2.5
CaCl,, 1.2 MgCl,, 25 NaHCO;, 1.2 NaH,PO,, and 11
glucose at pH 7.3-7.4 and equilibrated with 95% O,-5%
CO,, and then rest at room temperature (~25 °C) for 1 h
at least.

For electrophysiological recordings, one slice was
transferred to a submersion-type recording chamber and
continuously perfused with oxygenated aCSF at a flow
rate of 2—3 ml/min at~32 °C on a fixed stage. Whole-cell
patch-clamp recordings were made from visualized layer V
pyramidal neurons of the prelimbic mPFC subregion using

an Axopatch 200B amplifier (Molecular Devices). Data
acquisition and analysis were performed using a digitizer
(Digidata 1440A) and pCLAMP 9 software (Molecular
Devices). For presynaptic stimulation, a bipolar stainless
steel stimulating electrode was placed on layer II/III of
the mPFC. For measuring excitatory postsynaptic cur-
rent (EPSC) and inhibitory postsynaptic current (IPSC)
input—output curve, EO was defined as the minimal inten-
sity to evoke an EPSC, and 5 repetitions were collected
at each stimulus intensity. All stimulation was conducted
at 0.033 Hz to avoid inducing synaptic plasticity. Excita-
tory postsynaptic current/inhibitory postsynaptic cur-
rent (EPSC/IPSC) ratio was calculated as the peak EPSC
at— 65 mV divided by the IPSC amplitude at 0 mV. The
composition of intracellular solution was (in mM): 110
Cs-gluconate, 10 CsCl,, 1 EGTA, 1 CaCl,, 10 HEPES,
1 Mg-ATP, 1 QX-314, and 0.5% w/v biocytin (pH 7.2
adjusted with CsOH). For recording miniature EPSCs
(mEPSCs) and miniature IPSCs (mIPSCs), mPFC layer
V neurons were held in voltage-clamp mode at a hold-
ing potential of — 60 and + 10 for excitatory and inhibi-
tory signals respectively, and tetrodotoxin (1 pM) was
added to the bath. The composition of internal solution
was (in mM): 100 mM Cs-gluconate, 5 mM CsCl, 10 mM
HEPES, 2 mM MgCI2, 1 mM CaCl2, 11 mM BAPTA,
4 mM ATP, 0.4 mM GTP (pH 7.2 adjusted with CsOH).
Data were analyzed off-line using a commercially avail-
able software (Mini Analysis 4.3; Synaptosoft, Leonia, NJ)
as previously described [25]. Means were calculated from
3-min epochs recorded. The cumulative probability plots
were constructed to compare the effects of the CC2D1A
deletion on the distribution of amplitude and inter-event
intervals from mEPSCs and mIPSCs. Detection threshold
for analysis was set at three times the root mean square
of the background noise, and each event was further con-
firmed by visual inspection after detection. To assess cell
stability, series and input resistances were continuously
monitored throughout the experiment with a 5 mV depo-
larizing step given after every afferent stimulus, and data
were excluded from analysis if resistance changed by more
than 20%.

Structure Reconstruction and Sholl Analysis

Brain slices loaded with biocytin in mPFC layer V pyrami-
dal neurons were collected and rapidly fixed in 4% para-
formaldehyde (PFA) in 0.1 M PBS, pH 7.4 overnight at
4 °C. Biocytin-loaded neurons were visualized by incu-
bating with streptavidin-conjugated Alexa 568 overnight.
Brain slices were washed with 0.4% Triton X-100 in PBS,
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and then mounted onto the slide. Images were captured  biocytin-labeled mPFC layer V pyramidal neurons were
by Olympus FluoView FV3000 confocal microscope. reconstructed by a computer-assisted neuron-tracing sys-
To evaluate dendritic formation for pyramidal neurons, tem (Neurolucida, MBF Bioscience Williston, VT), and

@ Springer



Loss of CC2D1A in Glutamatergic Neurons Results in Autistic-Like Features in Mice 2027

«Fig. 1 CC2D1A deficiency impairs development of cerebral cortex. a
Representative double-immunofluorescence images show colocaliza-
tion of CC2D1A (green) with the neural stem/progenitor cell marker
nestin (left) or the immature neuron marker doublecortin (DCX;
right) in the mouse brain at embryonic day (E)14.5. Middle and bot-
tom panels are higher-power views of the boxed areas in the upper
panels. Higher power views of arrowed areas are shown in the insets.
Scale bars: top, 100 pm; middle, 20 pm (boxed area: 10 pm); bot-
tom, 30 pm (boxed area: 5 pm). Images are representative of n=4
mice. b Schematic representation of recombinant Cc2dla construct;
floxed allele enables Emx1-Cre mediated deletion of exon 12-14. ¢
PCR screening of tail-derived genomic DNA for selection of wild-
type (WT), Emx1-Cre, Cc2d1a™, heterozygous (Cc2dla’; Emx1-
Cre) and homozygous (Cc2dla™; Emx1-Cre) cKO mice. Images are
representative of n=4 mice for each genotype. d Western blot detec-
tion of CC2D1A protein levels in the forebrain at E14.5 (145,=4.14,
p=0.006, WT, n=3; cKO, n=5; two-tailed unpaired Student’s ¢
test) and the mPFC at 8 weeks old (t10y=4.74, p<0.001, WT, n=5;
cKO, n=7; two-tailed unpaired Student’s 7 test) of the indicated gen-
otypes. e Representative photographs showing the body size of WT
and cKO mice at E14.5 and E18.5. Scale bar, 5 mm. f Representa-
tive photographs and summary bar graph depicting the body weight
of WT and ¢KO mice at postnatal day (P)10 (7,0,=0.38, p=0.71,
n=06 in each group; two-tailed unpaired Student’s ¢ test). Scale bar,
1 cm. g Representative photographs showing the entire brain of WT
and cKO mice at E18.5 and P10. Scale bar, 5 mm. h Representative
double immunofluorescence staining for Ctip2 (green) and SOX2
(red) in cerebral cortices from WT and cKO mice at E14.5. Scale
bar, 20 pm. Summary bar graph depicting the thickness of the corti-
cal plate (CP; Ctip2* neurons on the total of DAPI* cells; 75 =1.23,
p=0.11, n=4 in each group; two-tailed unpaired Student’s 7 test) and
ventricular zone (VZ; SOX2* neurons on the total of DAPI' cells;
t6y=1.23, p=0.22, n=4 in each group; two-tailed unpaired Student’s
t test). i Representative images of BrdU labeling in cerebral cortices
from WT and cKO mice at E12.5. Scale bars: top, 100 pm; bottom,
30 pm. Bottom panels are higher-power views of the boxed areas in
the upper panels. Summary bar graph depicting the total number of
proliferating (BrdU™") cells in the dorsal VZ of WT and cKO mice at
E12.5 (140)=2.379, p=0.04, n=6 in each group; two-tailed unpaired
Student’s ¢ test). j Representative double immunofluorescence stain-
ing for Ctip2 (layer V and VI marker; green) and Brn2 (layer II-III
and V marker; red) in cerebral cortices from WT and cKO mice at
P10. Scale bar, 100 pm. A significant change in the thickness of
layer V (17,=3.79, p=0.006; two-tailed unpaired Student's 7 test)
and VI (t7y=2.91, p=0.02; two-tailed unpaired Student’s ¢ test) was
observed in cKO mice (n=5) compared with WT mice (n=4). Data
are represented as mean+SEM. The total number of animal exam-
ined is indicated by n. *p <0.05, **p <0.01 compared with WT group

the complexity of dendritic arbor was quantified by Sholl
analysis as previously described [7]. A series of concentric
rings at 10 mm intervals were centered on the soma, and
the number of branches intersecting each ring was counted.
For spine density assay, the secondary and the tertiary
branches of biocytin-labeled mPFC layer V pyramidal neu-
ron were captured by Olympus FluoView FV3000 confocal
microscope equipped with a 100X 1.25 NA oil-immersion
objective. The numbers of spines were counted with 30 pm
dendrite segments and presented as the number of spines
in 30 pm.

Drug Treatment

Minocycline (30 mg/kg; Sigma-Aldrich) was provided in
dam’s drinking water from E11 to P9. The dosage regimen
was chosen on the basis of previous study [26] and has been
previously shown to yield detectable concentrations of mino-
cycline in the blood of adult mice and in the breast milk of
lactating dams [27, 28]. Minocycline dosage was calculated
based on body weight and drinking volume during preg-
nancy. To cover the taste of minocycline, sucrose (1%) was
added to the solution. The water consumption was confirmed
every day to make sure adequate drug delivery.

Statistical Analysis

Sample sizes were based on previous work of a similar nature
by our laboratory [7, 20] and determined with power analysis
(a two-tailed analysis with a significance set at a=0.05 and
power > 80%) (G*Power software). No specific randomiza-
tion method was used. Animals were randomly allocated into
different experimental groups. All results are presented as
means + SEM and analyzed by the GraphPad Prism 6 soft-
ware. Normality of data distribution was verified using the
Shapiro—Wilk test. For Gaussian distribution, two-tailed
unpaired Student’s ¢ test was used to compare differences
between two independent groups. For non-Gaussian distri-
bution, the Mann—Whitney U test was used to compare dif-
ferences between two independent groups. The difference
between multiple groups was calculated by two-way ANOVA
followed by Bonferroni’s post hoc analyses. Distributions of
synaptic events were compared with Kolmogorov—Smirnov
test. Differences were considered as significant at p <0.05.

Results
Generation of Cc2d1a cKO Mice

Earlier studies reported that Cc2dla mRNA is expressed
in the developing mouse cortex as early as E12.5 [8, 10],
suggesting its possible role in cortical development. Here,
we first conducted double immunofluorescent staining to
determine the spatial expression patterns of CC2D1A pro-
tein in mouse embryonic brains at E14.5. CC2D1A protein
is abundantly expressed in distinct cortical zones during
embryonic development (Fig. 1a). We found almost all
CC2D1A-positive cells in the intermediate zone (IZ) and
ventricular zone (VZ) expressing neural stem/progenitor
cell (NPC) marker nestin and immature neuronal marker
doublecortin (DCX). To extend our analyses on the func-
tion of CC2D1A in neurodevelopment and brain function,
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we generated cKO mice that show a loss of CC2DI1A in  (Cc2d1a"*::Emx-1-Cre) and homozygous (Cc2d1a"::EmxI-
neurons at an early stage of development by crossing the  Cre) cKO mice (Fig. 1¢). Immunoblots confirmed a reduc-
Cc2d1a" mice with Emx1-Cre mice (Fig. 1b). PCR screen-  tion in CC2D1A protein expression in the forebrain at E14.5
ing of mouse genomic tail DNA confirmed heterozygous  and the mPFC at 8 weeks old in Cc2d/a cKO mice (Fig. 1d).
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«Fig.2 Cc2dla cKO mice display autistic-like behaviors. a Repre-
sentative movement traces of WT and cKO mice in the three-cham-
ber sociability test. b, ¢ Bar graph comparing the performance of
WT and ¢KO mice on the recognition index (7;4,=5.15, p=0.0001,
n=38 in each group; two-tailed unpaired Student’s ¢ test) and the
total exploration time (74,=0.93, p=0.37, n=8 in each group; two-
tailed unpaired Student’s ¢ test) in the three-chamber sociability test.
d Bar graph comparing the performance of WT and ¢cKO mice on
direct social interaction test (t(22)=5.87, p<0.0001; WT, n=9; cKO,
n=14; two-tailed unpaired Student’s ¢ test). e Bar graph comparing
the performance of WT and cKO mice on the olfactory habituation-
dishabituation test. cKO mice showed unaltered ability to discrimi-
nate between orders (water, citrate, and social) and habituation to
the same odor upon repeated presentation. cKO mice show a trend
toward reduced time sniffing a social scent compared with WT mice,
but did not reach statistically significance (F|,45=2.60, p=0.08;
WT, n=9; cKO, n=18; two-way ANOVA). f, g cKO mice spent sig-
nificantly more time in repetitive behaviors, including self-grooming
(fa1y=3.29, p=0.004; two-tailed unpaired Student’s 7 test) and dig-
ging (f5;y=3.74, p=0.001; two-tailed unpaired Student's ¢ test) within
a 10-min period in the home cage (WT, n=9; cKO, n=14). h Repre-
sentative image and bar graph showing excessive abnormal grooming
induced ulcerative dermatitis (red dashed boxed area) and the percent-
age of affected mice in a subset of cKO mice (p<0.001; WT, n=0 of
10; cKO, n=2 of 10; chi-square test). i, j Representative image and
bar graph comparing the nest building performance of WT and cKO
mice (p=0.015; WT, n=7; cKO, n=11; Mann—Whitney test). k Bar
graph comparing the performance of WT and cKO mice on the mar-
ble burying test (p>0.999; WT, n=10; cKO, n=9; Mann—Whitney
test). 1 Bar graph comparing the performance of WT and cKO mice
on the total distance traveled in the open field during a 10-min test
period (t(33>=5.87, p<0.0001; WT, n=21; cKO, n=14; two-tailed
unpaired Student’s ¢ test). m Bar graph comparing the performance
of WT and cKO mice on the total distance traveled in the home cage
(t(17)=0.66, p=0.52; WT, n=7; cKO, n=12; two-tailed unpaired
Student’s ¢ test). n Bar graph comparing the performance of WT and
c¢KO mice on the time spent in the light compartment in the light/dark
box test (1(38)=2.38, p=0.02; WT, n=20; cKO, n=20; two-tailed
unpaired Student’s 7 test). 0 Bar graph comparing the performance of
WT and cKO mice on the spontaneous alteration in the Y-maze test
(t(20)=0.83, p=0.42; WT, n=10; cKO, n=12; two-tailed unpaired
Student’s ¢ test). p Bar graph comparing the performance of WT and
cKO mice in the rotarod test (F(s 105, =0.21, p=0.96; WT, n=9; cKO,
n=11; two-way ANOVA). Data are represented as mean+SEM.
The total number of animal examined is indicated by n. *p<0.05;
*¥p <0.01; ##¥p <0.001 compared with WT group

In comparison to WT embryos, no macroscopic malforma-
tions of Cc2dla cKO embryos were found at E14.5 and
E18.5 (Fig. 1e). Cc2dla cKO newborn pups survived and
displayed good general health. Total body weight did not
differ between WT and cKO mice at P10 (Fig. 1f). The entire
brain sizes of Cc2dla cKO mice were not noticeably differ-
ent from those of age-matched WT mice at E18.5 and P10
(Fig. 1g). We found no significance in the thickness of corti-
cal plate and ventricular zone between WT and Cc2d/a cKO
mice at E14.5 (Fig. 1h). As nestin-positive NPCs showed
immunoreactivity for CC2D1A, we therefore examined

whether CC2D1A deletion alters the proliferation of NPCs
at E12.5 by using BrdU labeling. A significant reduction of
the number of BrdU-positive cells was observed in Cc2dla
cKO mice (Fig. 1i). However, the radial migration of corti-
cal neurons was not altered by CC2D1A deletion (Supple-
ment Fig. 1a, b). To further determine the effect of CC2D1A
deficiency on the laminar organization of cortical neurons,
layer-specific markers, including the anti-Ctip2 antibody that
labels deeper-layer neurons and the anti-Brn2 antibody that
labels upper-layer neurons, were used. As shown in Fig. 1j,
compared with those in WT mice, the number of Ctip2-
positive cells in cortical layer V was significantly reduced
in Cc2dla cKO mice, whereas an increase in the number of
Ctip2-positive cells was found in cortical layer VIin Cc2dla
cKO mice at P10. In 8-week-old WT mice, double immu-
nofluorescent staining with the excitatory neurons neuronal
marker CaMKIla revealed that CC2D1A-expressing cells
were co-labeled with CamklIla in the mPFC. In cKO mice,
we did not detect CC2D1A immunoreactivity in CamkIla-
expressing cells (Supplement Fig. 2a). In contrast, we did
not detect CC2D1A immunoreactivity in glial cells, which
were identified by antibody directed against the glial marker
GFAP (Supplement Fig. 2a).

Cc2d1a cKO Mice Exhibit Autistic-Like Behaviors

Since our goal was to validate the role of CC2D1A defi-
ciency in the genesis of autistic-like behaviors, two core
behavioral features of ASD such as impaired social interac-
tions and restricted repetitive behaviors were examined. We
found that Cc2dIa cKO mice exhibited significantly reduced
social interactions in the three-chamber social interaction
test, showing diminished preference to investigate the social
stimulus over the object without altering total exploration
time (Fig. 2a—c). In addition, Cc2dla cKO mice traveled less
distance than WT mice (Supplement Fig. 3a). In the recip-
rocal social interaction test, Cc2dla cKO mice displayed
decreased sociability, with reduced time spent in recipro-
cal interactions with the novel stimulus mouse (Fig. 2d).
To rule out the involvement of an olfactory deficit under-
lying social interaction deficits in Cc2dla cKO mice, we
performed the olfactory habituation-dishabituation test.
Cc2dla cKO mice demonstrated an intact ability to detect
and discriminate between different odors but spent less time
than WT mice sniffing a social odor, a feature consistent
with a decreased interest in social stimuli (Fig. 2e). We next
assessed restricted repetitive behaviors in Cc2dla cKO
mice. In comparison to WT mice, 8—12-week-old Cc2dla
cKO mice spend more time engaged in stereotypical behav-
iors such as self-grooming (Fig. 2f) and digging (Fig. 2g).
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«Fig.3 CC2DI1A deletion results in aberrant dendritic morphology
and synaptic transmission in mPFC pyramidal neurons. a Repre-
sentative traces of mIPSCs and bar graph comparing the amplitude
(t(20)=0,30, p=0.76; WT, n=12 neurons from 4 mice; cKO, n=10
neurons from 4 mice; two-tailed unpaired Student’s ¢ test) and fre-
quency (t(20>=2.97, p=0.007; WT, n=12 neurons from 4 mice;
cKO, n=10 neurons from 4 mice; two-tailed unpaired Student’s ¢
test) of mEPSCs in layer V pyramidal neurons from WT and cKO
mice. b Representative traces of mEPSCs and bar graph comparing
the amplitude (t(20)=0.42, p=0.67; WT, n=12 neurons from 4 mice;
cKO, n=10 neurons from 4 mice; two-tailed unpaired Student’s ¢
test) and frequency (t(20)=0.69, p=0.49; WT, n=12 neurons from
4 mice; cKO, n=10 neurons from 4 mice; two-tailed unpaired Stu-
dent’s ¢ test) of mIPSCs in layer V pyramidal neurons from WT and
cKO mice. ¢ Representative traces and input—output relationships
for IPSCs in slices from WT and ¢cKO mice (group X stimulus inten-
sity: Fiy95=2.85, p=0.02; WT: n=9 neurons from 5 mice; cKO:
n=12 neurons from 5 mice; two-way repeated-measures ANOVA).
*p<0.05, compared with WT group (two-way ANOVA followed
by Bonferroni’s post hoc analyses). ***p<0.001, compared with
WT group (two-way ANOVA followed by Bonferroni’s post hoc
analyses). d Representative traces and input—output relationships for
EPSCs in slices from WT and cKO mice (group X stimulus intensity:
F495=0.16, p=0.95; WT: n=9 neurons from 5 mice; cKO: n=12
neurons from 5 mice; two-way repeated-measures ANOVA). e Rep-
resentative traces and the E/I ratio recorded in slices from WT and
cKO mice. The E/I ratios were calculated by dividing the amplitudes
of EPSCs by the amplitudes of IPSCs from the same cell recorded
at the same stimulation intensity (Z,9,=3.31, p=0.003; two-tailed
unpaired Student’s 7 test). f Representative camera lucida tracings of
mPFC layer V pyramidal neurons from WT and cKO mice. Scale bar,
50 pm. g, h Sholl analysis of apical (F4; j05)=1.83, p=0.0012; two-
way repeated-measures ANOVA) and basal (F4; j05)=0.86, p=0.73;
two-way repeated-measures ANOVA) dendrites of mPFC layer V
pyramidal neuron from WT (12 neurons from 4 mice) and cKO (14
neurons from 7 mice). i Representative images of biocytin-labeled
secondary apical dendrites of mPFC layer V pyramidal neurons from
WT and cKO mice. Scale bar, 10 pm. j Summary bar graph depict-
ing the density of protrusions in apical dendrites of layer V pyrami-
dal neuron (f73,=1.63, p=0.11; two-tailed unpaired Student’s ¢ test)
from WT (42 neurons from 10 mice) and cKO mice (38 neurons from
10 mice). Data are represented as mean + SEM. **p <0.01 compared
with WT group

Notably, by the age of 4—6 months, cKO mice developed
pronounced skin lesions on the back of the neck (2 of 10,
20%) (Fig. 2h). No skin lesions were observed in WT mice
(0 of 10). Additionally, Cc2d1a cKO mice displayed lower
nesting scores in the nest building test (Fig. 2i, j), based
on Deacon’s method [24]. However, in the marble-burying
test, an assay of repetitive and compulsive-like behaviors,
Cc2dla cKO mice buried approximately the same number
of marbles as WT mice (Fig. 2k).

Given that anxiety disorders have also been noted in
youth with ASD [29], we thus examined whether CC2D1A
deletion may alter anxiety-like behavior. In the open-field
test, Cc2d1a cKO mice traveled less distance than WT mice
(Fig. 21), while a percentage of time spent in the central zone
was unchanged (Supplement Fig. 3b). Impaired locomotor

activity is unique to novel environments because Cc2dla
cKO mice displayed normal locomotor activity in their home
cage, a familiar environment (Fig. 2m). In the light/dark box
test, Cc2dla cKO mice spent significantly less time in the
light box (Fig. 2n) an increased latency to enter the light box
(Supplement Fig. 3c) compared with those in WT mice. In
addition, Cc2dla cKO mice showed no impairment in spon-
taneous alternation behavior in the Y-maze (Fig. 20), sug-
gesting intact cognitive flexibility. There was no significant
difference in the latency to fall between WT and Cc2dla
cKO mice in the rotarod test (Fig. 2p), indicating normal
motor coordination function.

CC2D1A Deletion Alters Dendritic Morphology
and Synaptic Transmission in the mPFC of Adult
Brain

The mPFC is a crucial brain region implicated in mediat-
ing autistic-like behaviors [30-33]. Given that an altered
cortical excitation-inhibition balance has been implicated
in ASD pathology [34, 35], we next examined whether
CC2DI1A deletion alters the E/I ratio in mPFC layer V
pyramidal neurons (Supplement Fig. 4a). We found that
the frequency but not amplitude of mIPSC was signifi-
cantly lower in pyramidal neurons from Cc2dla cKO mice
(Fig. 3a and Supplement Fig. 4b, c¢). No difference was
found between groups in the frequency and amplitude of
mEPSC (Fig. 3b and Supplement Fig. 4d, e). Furthermore,
the amplitude of evoked IPSC (Fig. 3c) but not EPSCs
(Fig. 3d) was significantly smaller in pyramidal neurons
from Cc2dla cKO mice than those from WT mice. Cc2dla
cKO mice display a significantly higher E/I ratio than WT
mice (Fig. 3e). To investigate whether CC2D1A deletion
may influence dendritic geometry and spine density, we
used biocytin labeling to visualize individual neurons
(Fig. 3f) and analyzed the complexity of their dendritic
arborization. Sholl analysis of reconstructed mPFC layer V
pyramidal neurons revealed that CC2D1A deletion signifi-
cantly decreased the complexity of apical (Fig. 3g) but not
basal dendrite branching (Fig. 3h). No significant changes
in the density of dendritic protrusions were detected on
secondary and tertiary branches of apical dendrites of
mPFC layer V pyramidal neurons in Cc2dla cKO mice
(Fig. 31, j).

Minocycline Treatment Rescues Autistic-Like
Features in Cc2d1a cKO Mice

We next sought to determine whether autistic-like features

associated with CC2D1A deficiency could be rescued during
early development. Minocycline, a tetracycline antibiotic,
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Fig.4 Treatment with minocycline ameliorates autistic-like behavior
in Cc2dla cKO mice. a Schematic illustration of the experimental
design. Minocycline (30 mg/kg) was administered from E11-P9 by
adding it to the drinking water of the dam, and the behavioral tests
were carried out after P56. b Bar graph comparing the performance
of WT and cKO mice with Veh or Mino treatment on the recogni-
tion index in the three-chamber sociability test. Two-way ANOVA
revealed effects of cKO (F(; 57,=22.95, p<0.001), minocycline treat-
ment (F; 37,=0.97, p=0.33), and cKO X minocycline treatment inter-
action (F(; 37y=4.61, p=0.038, n=9-12 in each group). ¢ Bar graph
comparing the performance of WT and cKO mice with vehicle (Veh)
or minocycline (Mino) treatment on direct social interaction test.
Two-way ANOVA revealed effects of cKO (F (1.40)= 1.684, p=0.202),
minocycline treatment (F 40,=7.44, p=0.009) and cKO X mino-
cycline treatment interaction (F(; 40,=9.278, p=0.004, n=9-14 in
each group). d Bar graph comparing the performance of WT and
c¢KO mice with Veh or Mino treatment on self-grooming behavior
within a 10-min period in the home cage. Two-way ANOVA revealed
effects of cKO (F(,‘40)=8.295, p=0.006), minocycline treatment

has been found effective as an adjunct drug in improv-
ing many different mental disorders, including depression
[36], bipolar disorder [37], schizophrenia [38], and ASD
[39]. Interestingly, minocycline administration during the
first postnatal week was shown to effectively restore the
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(F1.40)=7.915, p=0.008) and cKO X minocycline treatment interac-
tion (F(y 40=7.378, p=0.01, n=9-14 in each group). e Bar graph
comparing the performance of WT and cKO mice with Veh or Mino
treatment on digging behavior within a 10-min period in the home
cage. Two-way ANOVA revealed effects of cKO (F(j 49=10.97,
p=0.002), minocycline treatment (F 45, =0.298, p=0.588), and
cKO xminocycline treatment interaction (F(1,40)=0.283, p=0.598,
n=9-14 in each group). f Bar graph comparing the performance
of WT and cKO mice with Veh or Mino treatment on the total dis-
tance traveled in the open field during a 10-min test period. Two-
way ANOVA revealed effects of cKO (F; 40 =12.39, p=0.001),
minocycline treatment (F; 4,=0.011, p=0.916), and cKO X mino-
cycline treatment interaction (F(1,40)=0.052, p=0.821, n=9-14 in
each group). Data are represented as mean+SEM. The total num-
ber of animal examined is indicated by n. *p<0.05; **p<0.01;
*##%p <(0.001 compared with WT-Veh, cKO-Veh or WT-Mino group.
n.s., not significant (two-way ANOVA followed by Bonferroni's post
hoc analyses)

abnormal wiring in prefrontal circuits and cognitive deficits
in dual-hit genetic-environmental mice [40]. These findings
prompted us to examine whether early postnatal minocy-
cline treatment may rescue autistic-like features observed
in Cc2dla cKO mice. We administrated minocycline from
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E11 to P9 by adding to the drinking water of the dam [26,
40] and analyzed the morphological, functional, and behav-
ioral consequences in adulthood (Fig. 4a). We observed that
minocycline administration rescued social interaction defi-
cits in Cc2dla cKO mice, significantly increasing the time
spent by Cc2dla cKO mice in social interactions in both
the three-chamber sociability test (Fig. 4b) and reciprocal
social interaction test (Fig. 4c). Consistently, minocycline
administration mitigated stereotypic repetitive behaviors in
Cc2dla cKO mice as indicated by a significant reduction of
the total times spent in self-grooming (Fig. 4d). However,
the total times spent in digging and the hypoactivity in the
open-field test in Cc2dla cKO mice were not rescued by
minocycline treatment (Fig. 4e, f).

We also elucidated whether minocycline mitigated autistic-
like behaviors in Cc2dla cKO mice by restoring the abnor-
malities in synaptic transmission and dendritic complexity
of mPFC layer V pyramidal neurons. We found that mino-
cycline was sufficient to normalize E/I ratio in Cc2dla cKO
mice (Fig. 5a, b). Similarly, minocycline treatment rescued
the decrease of mIPSC frequency in pyramidal neurons from
Cc2dla cKO mice compared with vehicle-treated group
(Fig. 5¢). There was no statistically significant difference
between groups with respect to the frequency and amplitude
of mEPSC (Fig. 5d). We also observed that minocycline
administration effectively rescued the defective dendritic com-
plexity in mPFC layer V pyramidal neurons of Cc2dla KO
mice (Fig. Se). Sholl analysis of reconstructed mPFC layer V
pyramidal neurons revealed no significant differences between
minocycline-treated WT and Cc2dla cKO mice in the com-
plexity of both apical (Fig. 5f) and basal dendrite branch-
ing (Fig. 5g). Moreover, minocycline treatment rescued the
altered laminar organization of cortical neurons observed in
Cc2dla cKO mice at P10. There was no significant difference
between minocycline-treated WT and Cc2dla cKO mice in
the thickness of the cortical plate (layers I-VI) (Fig. Sh).

Discussion

ASD is associated with heterogeneous genetic variations,
and more than 100 candidate genes and genetic variants have
been implicated in ASD [41]. While associations of loss-of-
function mutations in the human Cc2d/a gene with ASD
have been reported previously [8, 10, 11], the pathogenic
origin of the autistic-like features of CC2D1A deficiency
remains unclear. Progress has been hampered by the lack of
appropriate animal models that fully recapitulate the core
symptoms of ASD. In this study, we created a novel mouse
model to study the role of CC2D1A and found that CC2D1A
deletion leads to autistic-like features characterized by
reduced social interactions, increased stereotypic repetitive
behaviors, and altered synaptic structure and function in the

mPFC. More importantly, we demonstrate direct evidence
that minocycline administration during the embryonic and
early postnatal periods can effectively rescue both behavioral
and synaptic abnormalities observed in Cc2dla cKO mice.

Our data are consistent with CC2D1A protein being
strongly expressed in embryonic mouse cortices. CC2D1A
protein is expressed in NPCs in the embryonic forebrain to
control cell proliferation. Given that Cc2d/a null mice die
shortly after birth owing to respiratory distress [4, 12], Cre-
loxP technology was used to generate Cc2dla cKO mice.
For example, it has been reported that Cc2dla ablation in
postnatal forebrain using Camk2a-Cre line resulted in cog-
nitive and social impairments [7, 13]. While some autistic-
like behaviors were detected in Camk2a-Cre-mediated cKO
mice [13], we wondered whether more severe behavioral
disturbances are detectable in mice with conditional ablation
of Cc2dla at early embryonic time point. Although both
Nestin-Cre and EmxI-Cre lines are useful for conditional
ablation of LoxP-flanked target genes during embryonic
development, we chose EmxI-Cre line to generate Cc2dla
cKO mice. This is due to mice with Cc2d/a ablation using
the Nestin-Cre line died after birth [13, 42]. Emx-Cre-medi-
ated cKO mice are fertile, viable, and have normal brain
anatomical features and body weight. In line with findings
of ASD in human patients with loss-of-function mutations
in CC2DI1A, Cc2dla cKO mice displayed significantly
increased repetitive self-grooming and digging, as well as
aberrant social interactions in both the three-chamber social
interaction test and reciprocal social interaction test. Cc2dla
cKO mice were able to discriminate between different odors
in the olfactory habituation-dishabituation test, indicating
that their olfactory system was functional, but showed a
significant decrease in time spent sniffing the social odor.
These behavioral phenotypes have been described across a
number of genetic mouse ASD models, including Shank2
[43, 44], Shank3 [45, 46], phosphatase and tensin homolog
on chromosome ten [Pten; 47, 48], fragile X mental retarda-
tion 1 [Fmrl; 49, 19], cyclin-dependent kinase-like 5 [Cdkl5;
23], and contactin-associated protein-like 2 [CNTNAP2; 33].
Compared to Camk2a-Cre-mediated cKO mice, some autis-
tic-like phenotypes (e.g., aberrant social interactions in the
three-chamber sociability test and reciprocal social interac-
tion test, and excessive repetitive grooming) were consist-
ently observed for both Camk2a-Cre and EmxI-Cre Cc2dla
cKO mice (Table 1). Additionally, EmxI-Cre Cc2dla cKO
mice cKO mice traveled less distance in the open-field test
but exhibited increased anxiety-like behavior in the light/
dark box test. These additional phenotypes may be mediated
by conditional ablation of Cc2dla at early embryonic stages.

Marble-burying in rodents is often used as an index for
the repetitive and compulsive-like behaviors in humans [50,
51]. Previous studies have shown that several genetic mouse
models of ASD built by loss of Shank3 [52, 53], Pten [54],
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«Fig.5 Minocycline treatment restores aberrant morphology and syn-
aptic function in Cc2dla cKO mice. a, b Representative traces and the
E/ ratio recorded in mPFC layer V pyramidal neurons from WT and
cKO mice with vehicle or minocycline treatment. Two-way ANOVA
revealed effects of cKO (F;s;=2.86, p=0.10), minocycline treat-
ment (F(1Y52)= 1.62, p=0.21), and cKOXxminocycline treatment inter-
action (F(;55,=6.66, p=0.01). Post hoc analysis revealed that mino-
cycline treatment significantly rescues the increased E/I ratio in cKO
mice (p<0.05). ¢ Representative traces of mIPSCs and bar graph com-
paring the amplitude and frequency from WT and cKO mice with vehi-
cle or minocycline treatment. Amplitude: Two-way ANOVA revealed
effects of cKO (F435=0.739, p=0.577), minocycline treatment
(F(1.35=0.452, p=0.506), and cKOXminocycline treatment interaction
(F(1.35=0.317, p=0.577). Frequency: Two-way ANOVA revealed effects
of cKO (F{; 35,=16.93, p<0.001), minocycline treatment (F 35,=1.997,
p=0.166), and cKOxminocycline treatment interaction (F( 35,=7.283,
p=0.01; WT-Veh: n=9 neurons from 2 mice; cKO-Veh: n=10 neu-
rons from 4 mice; WT-Mino: n=10 neurons from 3 mice; cKO-Mino:
n=10 neurons from 3 mice). Post hoc analysis revealed that minocy-
cline treatment significantly rescues the decreased mIPSC frequency
in cKO mice (p<0.05). d Representative traces of mEPSCs and bar
graph comparing the amplitude and frequency from WT and cKO mice
with vehicle or minocycline treatment. Amplitude: Two-way ANOVA
revealed effects of cKO (F, (]’35)=0.999, p=0.324), minocycline treatment
(F(1.35=2.787, p=0.104), and cKOXminocycline treatment interaction
(F(1.35=0.065, p=0.799). Frequency: Two-way ANOVA revealed effects
of cKO (F{; 35,=0.176, p=0.677), minocycline treatment (F 35,=3.087,
p=0.087), and cKOxminocycline treatment interaction (F(; 35,=0.041,
p=0.839; WT-Veh: n=9 neurons from 2 mice; cKO-Veh: n=10 neurons
from 4 mice; WT-Mino: n=10 neurons from 3 mice; cKO-Mino: n=10
neurons from 3 mice). e Representative camera lucida tracings of mPFC
layer V pyramidal neurons from WT and cKO mice with vehicle or mino-
cycline treatment. Scale bar, 50 pm. f, g Sholl analysis of apical and basal
dendrites of mPFC layer V pyramidal neuron from WT-Veh (15 neurons
from 4 mice), cKO-Veh (19 neurons from 7 mice), WT-Mino (12 neurons
from 4 mice), and cKO-Mino mice (10 neurons from 5 mice). Minocy-
cline treatment significantly rescues the reduced complexity of apical den-
drites of mPFC layer V pyramidal neurons in cKO mice (F 4 ;350 =438,
p<0.0001; two-way repeated measures ANOVA). h Representative dou-
ble immunofluorescence staining for Ctip2 (layer V and VI marker; green)
and Brn2 (layer II-III and V marker; red) in cerebral cortices from WT-
Mino and cKO-Mino mice at P10. Scale bar, 100 pm. The total number of
animal examined is indicated by n. *p <0.05; ***p <0.001 compared with
WT-Veh, cKO-Veh or WT-Mino group

or Fmrl [55] bury significantly fewer marbles than control
mice in the marble-burying test. However, Cc2dla cKO mice
displayed normal marble-burying activity. Consistently, the
lack of effect of CC2D1A deletion in marble-burying behav-
ior was also observed in Camk2a-Cre-mediated cKO mice
[13]. One possible explanation is that mutations in different
ASD risk genes may lead to varying degrees of severity in
ASD-related behavioral phenotypes. In addition, we noticed
that Cc2dla cKO mice displayed decreased total distance
traveled in the open-field test. As the percentage of time spent
in the central zone remained unaltered in Cc2dla cKO mice,
the reduction of locomotor activity could not be explained by
areduction of anxiety-like behavior. The abnormal locomotor
activity of Cc2dla cKO mice is limited to the exposure to
novel environment because they displayed normal locomo-
tor activity in the familiar environment of their home cage.
One long-standing proposed mechanism for the develop-
ment of ASD is the disruption of E/I balance in key cortical
and subcortical neural circuits [35, 56, 57]. There is still
no consensus on whether the E/I balance is biased toward
excitation or inhibition in ASD-related neural circuits. A
recent study for a systematic test of the E/I balance hypoth-
esis across four genetically distinct ASD mouse models
(Fmrl™, Cntnap2™'=, 16p11.2%*, Tsc2*'7) suggests that
elevated E/I ratio in somatosensory cortex is a common
circuit phenotype in ASD mice [33]. Although a greater
decrease in inhibition than excitation is associated with
elevated E/I ratio observed in these transgenic ASD mouse
models, it does not exclude the possibility that genetically
distinct forms of ASD may affect E/I ratio in different ways
[57, 58]. Our result corroborates previous studies show-
ing that an elevated E/I ratio in the mPFC leads to social
behavior deficits in WT and CNTNAP2 cKO mice [33, 59].
Cc2dla cKO mice exhibited significantly elevated E/I ratio
due to a reduction of GABAergic transmission. Cc2dla

Table 1 Phenotypes of
Cc2d]laconditional knockout

Measurements

Behavioral tests

Mouse models

mice Camklla-Cc2dla Emx-1-Cc2dla
Social function Reciprocal social interaction tests ! |
Three-chamber sociability test 1 1
Nesting test n.a 1
Repetitive behaviors Digging l i
Grooming 1 1
Anxiety-like behaviors Open-field test (locomotion) 1 Anxiety-like 1
Open-field test (time in central zone) | Anxiety-like n.s

Light/dark box test n.a

TAnxiety-like

Marble burying test n.s n.s

Targeting Cc2dladeletion by different Cre lines (Camkllaand Emx-1) recapitulated different subsets of
behavioral phenotypes. 1 indicates an increase, | indicates a decrease, n.s. indicates not significant, and n.a.
indicates not applicable, as the experiment was not conducted. The results of Camklla-Cc2dlamice were

obtained from Oaks et al. [13]
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cKO mice showed reduction in the frequency but not
amplitude of mIPSC, suggesting that a major consequence
of CC2D1A deletion is a downregulation of GABAergic
innervation of layer V mPFC pyramidal neurons. A simi-
lar reduction in mIPSC frequency was also observed in
Cc2dla-deficient cortical primary neuronal cultures [9].
Nevertheless, more studies are needed to validate how
CC2D1A controls the maturation of GABAergic synapses
onto layer V pyramidal neurons in the mPFC. However,
we could not exclude the possibility that CC2D1A may
indirectly modulate GABAergic transmission onto mPFC
pyramidal neurons through a retrograde regulatory mecha-
nism. Regardless of the mechanism of action of CC2D1A
deletion, these observations beg the question of how E/I
imbalance contributes to the emergence of autistic-like
behaviors. The E/I balance has been firmly established in
playing a critical role in controlling excitability, input gat-
ing, and dynamic range expansion in neural circuits, which
all may make contribution to the pathogenic mechanisms
underlying the symptoms of ASD due to E/I imbalance
[57, 58]. Abnormal dendrite and spine morphology of
cortical neurons has been observed in ASD patients and
several mouse models of ASD [60-63]. Consistently, our
morphometric analysis revealed significant reduction in
apical dendritic complexity of mPFC pyramidal neurons
in Cc2dla cKO mice. However, we did not observe a sig-
nificant change in spine density on mPFC pyramidal neu-
ron dendrites in Cc2d/a cKO mice. This is similar to what
has been observed in Camk2a-Cre-mediated Cc2dla cKO
mice where CC2D1A deletion did not alter spine density in
apical dendrites of CA1 pyramidal neurons [7]. Therefore,
it is possible that CC2D1A has distinct roles in the regula-
tion of dendritic morphology and spine maintenance. Fur-
ther investigation is required to establish causality between
neuronal morphology alterations and the development of
autistic-like phenotypes.

Minocycline has been shown to exert its neuropro-
tective effects in numerous neurological disorders [64].
Although results from a small pilot study revealed no clini-
cal improvement in children with regressive autism after
minocycline treatment [65], a recent randomized placebo-
controlled trial showed that it is an effective adjuvant to
risperidone for improvement of irritability and hyperactiv-
ity symptoms in ASD children [39]. Here, we extend these
clinical findings and demonstrate the efficacy of minocy-
cline in ameliorating autistic-like behavioral and synaptic
abnormalities observed in Cc2dla cKO mice. The under-
lying mechanisms behind phenotypic rescue remain to be
investigated. Given that minocycline possesses potent anti-
inflammatory activity [66, 67], it will therefore be interest-
ing to determine whether these effects are mediated through
suppressing microglial activation and pro-inflammatory
cytokine production. Indeed, evidence indicates that autistic
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children suffer from ongoing neuroinflammation throughout
the brain involving microglial activation [68—70]. There is
also some evidence to suggest that minocycline can enhance
GABAergic synaptic transmission [71], alter synaptic pro-
tein expression [72], and improve neuronal structures [17].
Since Cc2dla cKO mice display reduced dendritic com-
plexity and a decrease in synaptic GABAergic transmission,
further studies are warranted to evaluate whether chronic
minocycline treatment improves autistic-like behaviors in
Cc2dla cKO mice by restoring neuronal structures and syn-
aptic function.

The molecular mechanisms by which Cc2dla knock-
down leads to synaptic and behavioral abnormalities
remain largely unresolved. Because our previous study
showed that Rac1 hyperactivity consequent to the loss of
CC2D1A results in impairments of hippocampal synaptic
plasticity and cognitive dysfunction [7], it is possible that
excessive Racl function may also lead to autistic-like phe-
notypes. Indeed, Racl has been identified as a converging
factor downstream of numerous proteins encoded by ASD
risk genes, such as Shank3 [73], Fmrl [74], and Dock4
[75], revealing a critical role for Racl activity in ASD
pathophysiology. In addition, our findings should also be
interpreted with caution due to the use of only males for
test subjects.

In conclusion, our results uncover a critical role for
CC2D1A signaling in regulating prefrontal cortical devel-
opment and function. We suggest that embryonic CC2D1A
ablation initiates the pathological cascades leading to an
elevated E/I ratio but a reduced morphological complexity
in layer V mPFC pyramidal neurons, ultimately resulting in
the emergence of numerous autistic-like behaviors includ-
ing self-injurious repetitive grooming and aberrant social
interactions. In a novel disease model of ASD, we show
that minocycline can effectively rescue both behavioral and
synaptic abnormalities, supporting a therapeutic potential of
minocycline for treating autistic-like phenotypes caused by
loss-of-function mutations in CC2D1A.
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